Invasion of a stream food web by a new top predator. by Woodward, Guy
Invasion of a stream food web by a new top predator.
Woodward, Guy
 
 
 
 
 
The copyright of this thesis rests with the author and no quotation from it or information
derived from it may be published without the prior written consent of the author
 
 
For additional information about this publication click this link.
http://qmro.qmul.ac.uk/jspui/handle/123456789/1636
 
 
 
Information about this research object was correct at the time of download; we occasionally
make corrections to records, please therefore check the published record when citing. For
more information contact scholarlycommunications@qmul.ac.uk
Invasion of a stream food web by a new top 
predator. 
by 
Guy Woodward 
A thesis submitted for the degree of Doctor of Philosophy 
School of Biological Sciences 
Queen Mary & Westfield College 
University of London 
1999 
PIRL 
LCN)M 
um 
(e I 
Abstract. 
A large predator, the nymph of the dragonfly Cordulegaster boltonii 
(Anisoptera) (Donovan), has recently invaded Broadstone Stream, an acid headwater in 
southern England. Because of its large size, the invader established itself as a new top 
predator. The Broadstone Stream food web is exceptionally detailed and the community 
has been studied since the early 1970s. The invasion of C boltonii, therefore, provided 
a rare opportunity to investigate the effects of a potentially strong perturbation upon a 
well-described system. 
At the peak of the invasion C boltonii density exceeded seventy nymphs per 
square metre, comparable to the abundance of the previous top predators. The invasion 
appeared to part of a long-term trend, within an otherwise persistent community, 
towards a fauna less tolerant of profound acidity. 
Mobile, epibenthic prey were particularly vulnerable to C boltonii, due to high 
encounter rate. In field experiments, the invader depressed the abundance of two such 
species, a previous top predator and a detritivorous stonefly, whereas many other taxa 
were largely unaffected. Predator impact was strongest during peak prey abundance in 
the summer and autumn, and weakest in the spring when prey were scarce. 
The diets of the resident predators and C boltonii overlapped extensively when 
prey were seasonally abundant, but resource-partitioning increased as prey abundance 
declined. The recent decline in the abundance of P. conspersa, which had the most 
similar diet to C boltonfl, may be due to competitive and predatory interactions with the 
larger predator. 
Cordulegaster boltonii preyed upon virtually every animal taxon within the food 
web. Consequently, the complexity of the web (e. g. linkage density, omnivory and 
chain length) increased following the invasion. However, most taxa were rare and most 
feeding links were weak when the web was quantified. 
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Chapter 1: General Introduction. 
A new top predator, the nymph of the Golden-ringed Dragonfly, Cordulegaster 
boltonii Donovan (Anisoptera: Cordulegasteridae), has recently invaded Broadstone 
Stream. The "invader" has been recorded in Broadstone previously, although only 
occasionally and at very low densities (Lancaster & Robertson, 1995). Consequently, 
the invasion C. boltonii may be more accurately described as an irruption, sensu stricto. 
However, because C boltonii was not recorded on most sampling occasions prior to the 
mid-1990s, the population explosion will be referred to as an invasion henceforward. 
The invasion started in the summer of 1995, following which C boltonii was found at a 
mean density of over 70 M-2 , comparable with densities of the previous top predators, 
the larvae of Sialisfuliginosa Pict. (Megaloptera: Sialidae) and Plectrocnemia conspersa 
(Curtis) (Trichoptera: Polycentropodidae). 
Because the Broadstone Stream community has been studied intensively since 
the early 1970s, the invasion provided a rare opportunity to study how a well- 
characterised system responded to a new top predator. It was anticipated that, because 
of its large size and ability to consume considerable quantities of prey, C boltonii could, 
potentially, have a strong effect upon the web. Other studies that have shown that it 
preys heavily upon both S. fuliginosa and P. conspersa (Chovet, 1976). The head 
capsules of the final instars of the invader and the two resident large predators are drawn 
to scale in Fig. 1.1; the size differences between C boltonii and the other predators are 
considerable. The two resident large predators can exert considerable predation pressure 
upon the prey assemblage (Hildrew & Townsend, 1982; Lancaster et al., 1991; 
Lancaster 1996). The invasion of a new, larger, predator could potentially have 
profound impacts upon the resident community via both direct and indirect effects 
within the food web (e. g. Kerfoot & Sih, 1987). 
Invasions may be considered as 'natural experiments' (Dick & Platvoet, 1996). 
As such, they can provide insight into the structure and functioning of communities. 
The widespread invasions of exotic species throughout the globe, largely as a result of 
human introductions, have affected a vast and increasing number of ecosystems (Allan, 
1995; Begon et al. 1996). However, the consequences of invasions have often been 
unexpected, possibly due to the complexity of interactions an invader may have with the 
resident members of a community or food web. Many invasions have little effect upon 
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Figure 1.1. Head capsules of the invading predator, Cordulegaster boltonii, the two 
largest resident predators, Sialisfuliginosa and Plectrocnemia conspersa and a common 
prey species, Nemurella pictetii, within Broadstone Stream, drawn to scale. Drawings 
were adapted from Lancaster & Robertson (1995), Hynes (1977; in Appendix 1) and 
Askew (19 8 8). 
Cnrdulegaster 
p 
Sialis 
Plectrocner 
02 
mm 
Nemurella 
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community structure, and some systems appear able to resist invasions (Lewin, 1997). 
On the other hand, some invaders are highly successftil and have a dramatic impact upon 
the resident community; the Nile perch has driven several hundred species of endemic 
cichlid to extinction, or close to extinction, following its introduction to Lake Victoria 
(Kaufman, 1992; Goldschmidt, 1996). Potentially, invasions can have far-reaching and 
often unpredictable effects, emphasising the dangers of introducing exotics for pest 
control without a detailed knowledge of the ecology of the system and the novel species. 
For example, the invasion of brown trout (Salmo trutta L. ) to streams in New Zealand 
has resulted in dramatic increases in algal biomass via atrophic cascade that is mediated 
by interactions between the invader and the dominant algal grazers (McIntosh & 
Townsend, 1996; Townsend, 1996). Similarly, the trophic cascade in lakes, whereby 
piscivorous fish depress algal blooms indirectly by preying upon the predators of the 
zooplankton grazers, has been used extensively in biomanipulations of entire lakes 
(Scheffer, 1998). Another such example of an indirect food web effect, which has been 
modelled recently, is the beneficial effect that introduced cats may have upon endemic 
bird communities (Courchamp et al. 1999). Although cats prey upon birds, they may 
have a net beneficial effect by suppressing populations of introduced rats, which also eat 
birds. Because rats have stronger negative impacts upon the bird populations than cats, 
the presence of the larger predator results in increased prey populations via 
'mesopredator release'. Such counterintuitive consequences of invasions emphasise the 
importance of an understanding of food web processes. Unfortunately, the effects of 
most invasions are generally described after the event, largely because few systems are 
studied in detail over a long time. Consequently, the 'natural' state of the invaded 
system is often unknown. The invasion of Broadstone Stream by a new large predator 
provided an unusual opportunity to study the response of a system that has been well- 
described for many years to a potentially powerful perturbation. In addition, because C 
boltonii is a native British species, the invasion probably reflects a more natural form of 
food web assembly than would the invasion of an exotic. 
In addition to studying changes in food web structure, this investigation aimed to 
characterise what may have triggered the invasion, and how the invader interacted with 
the other members of the web at a range of ecological scales. The structure of the thesis 
reflects an 'hierarchical' approach to the investigation of the invasion. In the first data 
chapter (Chapter 3) the invasion is described within the context of long-term trends in 
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community persistence; this provided the framework within which the invader's 
interactions are studied in subsequent chapters. The focus of the ensuing data chapters 
(Chapters 4 -8) reflects a progressive shift in emphasis from small to large ecological 
scales. In Chapter 4 particular emphasis was placed upon behavioural interactions 
between the predator and individual species. In Chapter 5 the investigation was 
expanded to a larger scale, and the impact of C boltonii upon the entire benthic 
community was investigated in field experiments. The relative contributions of direct 
consumption and predator-induced emigration to total 'predator impact' (sensu Cooper 
et al., 1990) were also assessed in this Chapter. In Chapter 6 both vertical (predation) 
and lateral (competition) interactions between the invader and the established predator 
guild of the food web were considered. Changes in the structure of the food web 
following the invasion were addressed in Chapter 7. In the final data chapter the 
invader's role, in relation to the resident species, was considered within food webs that 
were quantified seasonally (Chapter 8). The principal aims of each chapter are listed 
below. The structure of the thesis is summarised in a flow diagram (Fig. 1 . 2). 
Principal aims of the study. 
1. To quantify the invasion of C boltonii within the context of long-term shifts in the 
entire community, and to identify possible causes of the invasion (Chapter 3). 
2. To determine which factors constrain predation and drive the vulnerability of prey to 
C boltonii (Chapter 4). 
3. To quantify the impact of C boltonii upon prey in enclosure-exclosure experiments, 
and to separate total predator impact into direct consumption and predator-induced 
emigration (Chapter 5). 
4. To characterise C. boltonii's temporal, spatial, and trophic niche within Broadstone 
and compare resource use with the established predator assemblage (Chapter 6). 
5. To characterise changes in food web structure following the invasion (Chapter 7). 
6. To quantify the food web and seasonal shifts in web structure (Chapter 8). 
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Figure 1.2. Structure of the thesis 
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Community persistence and stability 
Although Broadstone Stream is species-poor, due to its low pH, the food web is 
extremely complex (see Lancaster & Robertson, 1995). The high persistence of the 
community has been suggested as evidence of stability (Hildrew et al. 1985; Edmonds- 
Brown, 1995). However, recent evidence has suggested that the communities of 
Broadstone and of several neighbouring streams have changed recently, possibly in 
response to ameliorating acidity (Gjerlov, 1997). The acidification of freshwaters has 
had profound ecological and economical effects over large areas of Europe and North 
America for several decades (Eriksson et al., 1980; Hall, et al. 1980; Henrikson & 
Oscarson, 1981; Hildrew et al. 1984; Burtone et al. 1985; Campbell & Stokes, 1985; 
Ormerod et al. 1987; Mason 1990; Rosemund et al. 1992; Hildrew & Ormerod, 1995; 
Lancaster et al. 1996). However, few data have documented community responses to a 
reversal of acidification (but see Rundle et al. 1995). Independent studies have 
identified Cordulegaster boltonii as an indicator species of moderate acidity (Rundle et 
al. 1995), with a predicted optimum pH of 5.4 (Hdmdldinen & Huttunen, 1996). The 
invasion of this predator in the mid-1990s therefore added further weight to the 
suggestion that the Broadstone community and food web may be responding to changes 
in water chemistry. 
The supposed link between community stability and complexity has been a 
central tenet of ecology for over seventy years (see Elton, 1927; MacArthur, 1955; May, 
1972; Pimm, 1982; Polis, 1998). A complex community can be defined as one with 
high species richness, a highly connected food web, or both (May, 1972). Although 
stability is a somewhat more nebulous concept (Begon et al. 1996), persistence 
(constancy through time) provides one relatively straightforward measure of stability. 
However, the shortage of both large-scale temporal and spatial data sets (Hildrew & 
Giller, 1992), has largely restricted the analysis of persistence to modelled, rather than 
empirical, data. One of the aims of the current investigation was to combine survey data 
with data from previous studies, to create a time series that spans over 25 years. This 
data set was used to examine patterns in community persistence, with particular 
reference to changes in pH and possible attendant changes in the trophic structure of the 
community. 
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Predator-prey and competitive interactions. 
Because interactions between a predator and individual prey species are 
imbedded within the food web, they affect the form and function of the web. To 
understand how the strength of feeding links may be determined within a web, 
interactions between individual predator and prey species need to be characterised. 
Chapter 4 attempted to identify the factors influencing the vulnerability of prey to C. 
boltonii, and how they may affect the strength of the invader's feeding links among prey 
species. The range of prey that can be eaten is often a function of the relative size of 
predators and prey (Corbet, 1999). Consequently, size-constraints may limit the number 
of species that a predator can prey upon. This would suggest that the structural patterns 
of many food webs (presence/absence of links, trophic position) may be determined 
largely by body size, giving rise to 'upper triangularity' within a web (Warren & 
Lawton, 1987). However, more recent research suggests that body-size alone is not 
sufficient to explain apparent feeding hierarchies in webs (Huxham et al., 1995; 
Huxharn et al., 1996). It was expected that, because of its large nymphal size-range, C. 
boltonii would exhibit strong ontogenetic shifts in its diet and, because its later instars 
were by far the largest predators in the stream, it would be able to prey upon a wide 
range of prey. 
Factors that affect the strength of feeding links are superimposed upon the types 
of prey that can be eaten. The rate of predation may be constrained by a myriad of 
effects that can result in differential vulnerability among morphologically similar prey 
species. Detailed descriptive and experimental studies can be used to examine the 
strength of feeding links, by segregating the component processes of predation (Sih, 
1993). These processes can be arranged in the following sequence: encounter rate, 
capture efficiency, handling time and gut clearance rate. The rate of predation, and 
therefore the strength of feeding links within the web, may be constrained by any of 
these steps. These various processes were investigated in Chapter 4, using a 
combination of field surveys and laboratory experiments. 
We might expect that in unproductive systems, such as acidified freshwaters, 
predators may be feeding at well below satiation, and that the strength of links will be 
more likely to be limited at the earlier stages of the sequence, i. e. encounter rate and 
capture efficiency. Within Broadstone Stream, the guts of most predators are empty, or 
nearly empty, for most of the time (Lancaster & Robertson, 1995; Spiers et al., in press), 
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supporting the suggestion that handling time and gut clearance rate may have trivial 
effects upon predation rate. 
Although detailed data can be collected from laboratory studies that would not be 
feasible in the field, the results of such experiments may bear little resemblance to 
interactions in the field. The use of field experiments mitigates, to some extent, 
potential artefacts of laboratory studies, although compromises often have to be made, 
particularly in terms of replication and the detail of observations. Aquatic ecologists 
have used field manipulations successfully for decades, and there is a large body of 
literature derived from the use of 'open' cage enclosure/exclo sure experiments in 
streams, particularly since the mid- 1 980s (see Cooper et al., 1990; Sih & Wooster, 1994; 
Wooster & Sih5 1995; Dahl & Greenberg, 1996). The impact of C. boltonii upon the 
Broadstone benthos was assessed using enclosure/exclosure cages that were developed 
from those used by Lancaster et al (1991) (Chapter 5). Most previous experiments of 
this type have used stoneflies as predators and mayflies as prey (Sih & Wooster, 1994). 
Despite this relatively restricted range of taxa, general patterns have been reported from 
meta-analyses. The most notable patterns are that sedentary prey are often most strongly 
depleted because predator impact is less likely to be swamped by exchange rates with 
the benthos, and that predator-induced emigration is an important component of predator 
impact (Wooster & Sih, 1995). However, highly cryptic, immobile predators, such as C 
boltonii and other dragonflies, may have very different effects, upon both the types of 
prey that are impacted and the stimulation of prey emigration, than actively searching 
stonefly predators (Sih, et al., 1998). Prey emigration responses to C. boltonii were also 
investigated using 'partially-open' artificial channels in the field, which complemented 
the cage experiments. 
Although the study of food webs has traditionally concentrated upon vertical 
interactions (i. e. predation, grazing, and detritivory), many webs contain several species 
that occupy similar trophic levels, and these species may, therefore, have strong lateral 
competitive interactions. Also, omnivores, which feed at more than one trophic level, 
may have both vertical and lateral interactions with other members of the web. Such 
dual competitive-predatory interactions, although rarely reported, may be common in 
nature (Wissinger, 1989). Recent research has demonstrated that the non-lethal effects 
of predator presence can mediate interspecific competition, by affecting prey behaviour 
(e. g. Wemer, 1991; Werner & Anholt, 1996). At larger ecological scales, apparent 
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competition among prey for 'enemy-free space' (as opposed to competition for 
'traditional' resources, such as food and habitat) may have profound effects upon the 
structure of entire communities (Holt, 1977; Jeffries & Lawton, 1984 & 1985). The 
prevalence of omnivory, once assumed to be rare (Cohen, 1978; Pimm & Lawton, 1978; 
Pimm, 1980a; 1982), has been emphasised increasingly in the more recent food web 
literature (e. g. Sprules & Bowerman, 1988; Nystr6m et al., 1996). The resident 
predators within Broadstone are extremely omnivorous (Lancaster & Robertson, 1995), 
and an independent study carried out in France suggested that the invading predator, C. 
boltonii, would prey upon several trophic levels (Chovet, 1976). In addition, mutual 
predation (species a eats species b eats species a) and cannibalism occur among the 
predators within Broadstone (Hildrew et al. 1985; Lancaster & Robertson, 1995). 
Resource-partitioning in the diet of S. fuliginosa and P. conspersa has been 
demonstrated within Broadstone; diet overlap, although generally high, was least when 
prey were scarce (Townsend & Hildrew, 1979). Lateral and vertical interactions among 
the six dominant members of the predator guild, including the invading predator, were 
examined as part of the current investigation, in Chapter 6. 
Recent reviews of experiments designed to quantify competition or predation 
have suggested that indirect food web effects such as predator facilitation, apparent 
competition and apparent mutualism, may be important in natural systems, and may 
even eclipse direct effects (Sih et al., 1998). The consequences of indirect effects, can 
often be counterintuitive (e. g. Holt & Lawton, 1994; Lane, 1985), and give rise to 
cemergent' properties (Sih et al., 1998). Consequently, indirect food web effects may 
explain the failure of many experiments to reveal the anticipated results of 
manipulations (Bradley, 1984; Yodzis, 1988). Studies of competitive and predator-prey 
interactions have tended to focus upon pairs of species, often with little reference to how 
these interactions are affected by the other members of a food web. Sih et al (1998) have 
advocated a more holistic approach to experimental manipulations, whereby 
experimental designs capable of detecting indirect effects are incorporated into future 
studies. 
Food webs. 
Food webs form an important conceptual link between population and 
community ecology. They provide a relatively simple means of representing a 
community along one niche dimension, diet, and describe qualitative (and occasionally 
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quantitative) flows of energy through a system. A food web is a network of trophic 
elements, or species, which are stacked in a hierarchy of trophic levels such that a given 
species feeds upon the level(s) below it. Traditionally, taxa with identical predators and 
prey have often been lumped into 'trophic species', primarily to simplify analysis. 
However, many food web parameters are a strong function of taxonomic resolution, 
particularly when webs are quantified, and the use of such trophic species has been 
criticised in recent studies (Martinez, 1992; Hall & Raffaelli, 1993; Benke & Wallace, 
1997). The need to maintain high taxonomic resolution, particularly at the lower trophic 
levels which tend to be lumped more coarsely than higher levels, has been stressed 
increasingly (Hildrew, 1992; Lancaster & Robertson, 1995). 
Despite their ecological importance there are still few published food webs, and 
most of these are of poor quality (Lawton, 1989; Hall & Raffaelli, 1993). The principal 
limitations of the current food web catalogue are listed below: 
1. Arguably the greatest shortcoming is that the vast majority of webs show 
only presence/absence data. Such webs tend to overemphasise trivial species 
and feeding links (Benke & Wallace, 1997). 
2. Most webs are either described from a single sampling occasion, or added to 
progressively over many occasions, often spanning several years. As a 
result, potentially important temporal changes in web structure (e. g. Warren, 
1989; Closs & Lake, 1994; Tavarescromar & Williams, 1996) are often 
obscured (Hall & Raffaelli, 1993). 
3. Sampling effort, which can have a strong effect upon web structure (Martinez 
et al., 1999), especially the detection of rare feeding links, is highly variable 
among webs, and methods are not standardised. Yield-effort curves (sensu 
Cohen et al., 1993), which would mitigate this shortcoming, are rarely shown 
(but see Martinez et al., 1999). 
4. Few webs show ontogenetic dietary shifts. Such shifts are common and 
typically reflect size-dependent relationships between consumers and their 
food and ontogenetic changes in behaviour (e. g. habitat use; diel activity; sit- 
and-wait v searching hunting modes) that affect diet (Chovet, 1976; Corbet, 
1980 & 1999). Because ontogenetic shifts within species may exceed 
differences between species, trophic status and, consequently, food web 
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structure,, may be determined more by life-stage and size rather than 
taxonomy. 
5. Many feeding links are inferred, rather than observed, and are often 
extrapolated from trophic interactions among 'similar' species in different 
systems. The underlying assumption that species occupy the same trophic 
position in different systems may not be valid; diet shifts due to changes in 
behaviour in the presence/absence of competitors and predators, which may 
not be ubiquitous across systems, are well known (e. g. Heads, 1985; Sih, 
1993; McIntosh & Townsend, 1996). 
6. Taxonomic resolution is generally poor, especially at the lower trophic levels 
(Hildrew, 1992). Many webs are constructed on the a priori assumption that 
ý similar' taxa have identical roles within the web, rather than grouping taxa 
post hoc. This effectively masks potentially important patterns, especially if 
feeding links are not confirmed through direct observation. For example, 
many 'trophic species' that are presented in food webs may contain species 
with very different feeding modes, especially among the diverse meiofauna. 
7. Some webs contain biological impossibilities, such as consumers as basal 
species and predators without prey (e. g. Cohen, 1978; Briand, 1983). 
Although points 1-4 have not been yet been addressed for the system considered 
here, Broadstone Stream, the Broadstone web does not suffer from the limitations 
described in points 5-7. The current study aimed to satisfy, to some extent, points 1-4 
(see Chapters 7 and 8). 
The Broadstone food web is one of the most detailed yet published (Lancaster & 
Robertson, 1995). It is exceptional in its taxonomic resolution, especially among the 
meiofauna, which are either omitted entirely or lumped into a single trophic element in 
most webs. The trophic interactions within the web have been studied intensively over 
the past twenty-five years (e. g. Hildrew & Townsend, 1976 & 1982; Hildrew et al., 
1985; Townsend & Hildrew, 1979; Lancaster, 1996). 
Food webs in acid waters. 
Broadstone Stream is acid (pH 4-6.2) and iron-rich. Food webs in acid waters 
differ from their circumneutral counterparts, in both structure and dynamics (Fig 1.3). 
'Acidified' webs are dominated by a few species that can tolerate conditions that would 
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Figure 1.3 Generalised differences between circumneutral and acidified interaction 
webs. 
Physiological stress 10. 
Circumneutral web 
*- 
A D/M 
Acidified web 
C0 
A 
FISH 
Large invertebrate predators 
Small invertebrate predators 
Detritivores/herbivores 
Basal resources 
(A: algae 
D/M : detritus/microbes) 
Fig 1.3. Hypothetical interaction webs in circumneutral and acidified freshwaters 
(adapted from Hildrew, 1992). Narrow solid lines represent trophic interactions; 
thick lines represent strong interactions with direction of main effect indicated by 
arrows; horizontal broken lines represent incidences of 'self-damping'. Size of circles 
crudely represents the abundance of elements. The role of algae and their grazers in 
acid streams remains uncertain, although recent evidence suggests that algae are 
grazed by trophic generalists (Ledger, 1997). 
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exclude possibly superior competitors. The effects of acidification are not evenly 
distributed among the constituent members of a web. In particular, three important 
trophic guilds, algae, grazers (at the base of the web) and fish (at the top of the web) are 
typically depressed in abundance and diversity in acid waters (Hildrew, 1992). An 
important additional consequence of acidification is that at low pH aluminium exists in 
its toxic monomeric forms, which may affect community structure more profoundly than 
acidity per se; salmonids and many invertebrates suffer high mortality at high 
aluminium concentrations (Ormerod et al., 1987). 
The low diversity and productivity of acid waters may be a result of direct 
effects, such as physiological intolerance (e. g. Rosemund et al., 1992), and/or indirect 
food web effects. A reduction in the quality of basal resources during acidification 
reduces secondary productivity (i. e. "bottom-up" effects). Leaf litter, the dominant basal 
resource in many streams, is of poor quality in acid waters, due to reduced microbial 
conditioning (Groom & Hildrew, 1989). Food quality, rather than quantity, may 
therefore limit secondary production in these systems. Specialist grazers (e. g. snails, 
mayflies) are virtually absent from acidified freshwaters, possibly due to a paucity of 
food combined with physiological intolerance (Collier & Winterbourri, 1987; Rosemund 
et al., 1992). However, herbivory may be maintained to some extent by generalists not 
usually associated with grazing (e. g. nemourid stoneflies) (Ledger, 1997). 
Many large invertebrate predators are extremely vulnerable to fish predation (e. g. 
Diehl, 1992; Schofield et al., 1988; Hemphill & Cooper, 1984); consequently, this guild 
often becomes very abundant in freshwaters when fish are lost due to acidification. 
Because invertebrate predators appear to have stronger impacts than vertebrates 
(Wooster & Sih, 1995), "top-down" control of prey may intensify during acidification. 
Top-down and bottom-up control are not mutually exclusive and may operate together in 
acid waters; a reduction in acidity may benefit intermediate species due to both reduced 
predation and an improvement in basal resources. 
In summary, acidified freshwaters appear to be characterised by trophic 
generalists, among both the primary consumers (Ledger 1997), and predators (Hildrew 
et al., 1985; Lancaster & Robertson, 1995). This generalism, possibly a consequence of 
poor food resources, can result in highly interconnected food webs (e. g. Hildrew et al., 
1985). 
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The Broadstone Stream food web 
Because Broadstone Stream is acid (pH 4-6.2) and iron-rich, fish are absent and 
the invertebrate-dominated community is depauperate in both species richness and 
abundance. This comparatively simple community has facilitated the construction of 
detailed food webs (see Hildrew et al., 1985; Lancaster & Robertson, 1995). In its 
earliest representation, the Broadstone food web contained twenty-four trophic elements 
and five trophic levels (Hildrew et al., 1985). Lancaster & Robertson (1995) 
subsequently expanded the web to include thirty-four trophic elements, by resolving the 
microcrustacea. 
Detritus, derived from the surrounding terrestrial vegetation, is the dominant 
basal resource within Broadstone. Both coarse and fine particulate organic matter 
(CPOM and FPOM) are particularly abundant in 'dead-zones' of stagnant water, where 
they are concentrated in dense leaf-packs and log-jams. Although apparently 
superabundant (Dobson & Hildrew, 1992), CPOM is of poor quality because the acid 
conditions inhibit microbial conditioning (Groom & Hildrew, 1989). As a result, food 
quality, rather than quantity, may limit secondary production in Broadstone. Flocs of 
iron bacteria, an unusual basal resource, carpet the benthos during low flows. The 
trophic significance of these bacteria is unknown, although they themselves are probably 
heterotrophic in Broadstone, rather than chemosynthetic, and decompose DOC chelated 
with iron (A. G. Hildrew, pers. comm. ). The ephemeral nature of the flocs suggests that 
they have limited significance as a food resource, although they may be important 
during low flow in the summer. Terrestrial invertebrates, which fall into the stream 
from the overhanging vegetation, constitute another basal resource, that is significant in 
the diet of one of the important predators, Plectrocnemia conspersa (Townsend & 
Hildrew, 1979). Because macrophytes are absent and the epilithon is degraded 
(Winterbourn et al., 1985), specialist grazers are absent. Consequently, the primary 
consumers are detritivores. In the summer, chironomid midge larvae are numerically 
dominant, whereas stoneflies predominate in the winter. Until fairly recently, there were 
five common predatory taxa (not including C. boltonii). These were three species of 
tanypod midge, the caddis Plectrocnemia conspersa, and the alderfly Sialis fuliginosa. 
The tanypods occupy the trophic level of primary carnivores. Sialis fuliginosa was 
placed at the top of the web as a tertiary carnivore by Hildrew et al., (1985), but was 
subsequently relegated to a secondary carnivore, alongside P. conspersa, by Lancaster & 
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Robertson (1995). The predominance of these two large invertebrate predators is 
associated with the absence of acid-sensitive benthivorous fish (Townsend et al., 1983; 
Hildrew et al., 1984; Schofield, 1988). 
The ratio of predator to prey species (p: p = 0.33; Hildrew et al., 1985), although 
higher than in most terrestrial systems, is close to the mean of 0.36 reported for 
freshwater communities (Jeffries & Lawton, 1985). However, the web contains other 
features distinguishing it from early descriptions of food webs and theoretical 
predictions. Food chains are longer than described for most webs, and may exceed nine 
trophic levels, following detailed resolution of the meiofauna (Schmid-Araya, 
unpublished). Mutual predation and cannibalistic loops, supposedly rare in nature 
(Pimm, 1980a), occur among the higher trophic levels. All of the predators are 
omnivores (i. e. they feed at more than one trophic level) and generalists (feeding on 
many species within atrophic level). The extreme omnivory of the predators, which 
prey upon omnivores themselves, is perhaps the most striking peculiarity of the 
Broadstone web. The improved resolution provided by Lancaster & Robertson (1995) 
altered some of the food web statistics, notably further increasing the already high 
connectance and omnivory. Thus, although the Broadstone assemblage is simple in 
terms of low species richness, the food web is unusually complex. 
The detailed food webs that have been published recently (see Sprules & 
Bowerman, 1988; Polis, 1991, Martinez, 1992; Yodzis, 1998; Miffler et al., 1999) 
suggest that the simplicity of the early empirical webs may be artefacts of poor data, and 
that complex webs may be more common than previously supposed. In addition, recent 
models have revealed that the negative relationship between web complexity and 
stability described by May (1972,1973), and reiterated by later workers (see Cohen, 
1978; Pimm, 1980a, 1982), can be reversed if most interactions are weak (Polis, 1998; 
McCann et al., 1998). Although linkage strengths are usually estimated rather than 
measured, the few studies where they have been quantified suggest that most links are 
indeed weak (see Paine, 1992; Fagan & Hurd, 1994; Mtiller et al., 1999). These 
empirical data contradict the assumptions of many food web theoreticians and modellers 
that links are strong and evenly distributed, as was pointed out by Hall & Raffaelli 
(1993). If most links are weak, this may explain the apparent paradox that systems such 
as Broadstone appear to be stable and yet have highly complex food webs. 
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Overall bottom-up control of productivity in Broadstone has been suggested 
through the donor-controlled availability of detritus, mainly in the form of leaf-litter 
(Hildrew 1992; Lancaster & Robertson, 1995). However, bottom-up and top-down 
control are not necessarily mutually exclusive, and strong top-down impacts on prey by 
predators has been shown both descriptively and experimentally (Hildrew & Townsend, 
1982; Lancaster, 1988; Lancaster et al., 1991). The large predator Plectrocnemia 
cons ersa has strong impacts upon prey, particularly during spates, when predators and P 
prey are aggregated in flow refugia (Lancaster, 1996). However, a recent four-species 
model involving two large predators, Sialis fuliginosa and P. conspersa, and two 
dominant prey species suggests that prey populations can be stable, at an 
intergenerational scale, even if one of the top predators is removed entirely from the 
system (Spiers et al., in press). This stability is achieved through compensatory and 
competitive food web interactions. 
Invasions andfood webs 
The invasion of Broadstone by C boltonii offered a rare opportunity to study the 
response of a well-described food web to the presence of a new top predator. In addition, 
because the invader was a top predator it had considerable potential to exert a strong 
influence upon web structure (e. g. McPeek, 1998; Courchamp et al., 1999). Also, 
because C boltonii was known to be an opportunistic and generalist omnivore, with 
strong ontogenetic shifts in its diet (Chovet, 1976), it was expected that it would forge a 
wide variety of feeding links, over several trophic levels, within the web. 
Natural food webs are not assembled instantaneously, unlike many model webs. 
Rather, food web structure is most likely to be the result of successive invasions of new 
species. Some invaders will establish and flourish, possibly at the expense of resident 
species, whereas others will be excluded from the web. Several studies have simulated 
invasions to examine rules governing web assembly and stability (see Yodzis, 1981, 
1984; Post & Pimm, 1983; Mithen & Lawton, 1986). There is some evidence both from 
real systems (Lewin, 1997) and models (Post & Pimm, 1983) that more established and 
interconnected food webs may be better at resisting invasions; this supports the 
emerging paradigm that complexity can stabilise webs (Polis, 1998). However, although 
invasions of natural systems may be commonplace, there is still a dearth of detailed 
empirical data with which to examine how they affect web structure and dynamics. 
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In addition to food web effects, individual species traits also determine the 
success of an invader. High mobility, low mortality and generalist feeding tend to 
favour colonisation and establishment (Lawton & Brown, 1986; de Moor, 1992). 
Further, successful establishment within a system is more likely if the invader differs 
from other species, whereas exclusion is more likely if the invader is too similar to other 
species (Mithen & Lawton, 1986). Competition for 'enemy-free space' (= apparent 
competition, sensu Holt, 1977) has been suggested as a means by which the ratio of 
predators to prey remains roughly constant in natural webs (Jeffries & Lawton, 1985). 
Food web assembly models have been developed which support this suggestion (Mithen 
& Lawton, 1986). We might expect that if constant predator: prey ratios are maintained 
by apparent competition, invasions of predators will either follow invasions of prey, or 
that either the invading or a resident predator will be deleted from the web. 
Ongoing research within Broadstone Stream 
The taxonomic resolution of the Broadstone web is currently being refined still 
further by a detailed study of the smaller meiofauna. The macroinvertebrate and 
meiofaunal species list for Broadstone now exceeds one hundred and fifty species 
(Schmid-Araya, unpublished), which are currently being incorporated into the food web. 
In addition, a large-scale manipulation of S. fuliginosa is being carried out to examine 
the response of the assemblage to the removal of this abundant large predator 
(Winterbottom, unpublished). 
29 
Chapter 2: Study site and study species. 
2.1. Study site 
Broadstone Stream (51' 05' N 0' OYE; 120m above sea-level) is a spring-fed 
acidic headwater (pH 4-6.2 : Lancaster, 1996) of the River Medway, within the 
Ashdown Forest SSSI in Sussex, an area of common land characterised by acid heath 
(Rundle, 1988). The heathland soils and underlying sandstone bedrock have a very 
limited buffering capacity against acid precipitation (United Kingdom Acid Waters 
Review Group, 1986). Consequently, the upper reaches of many streams within the 
Forest are markedly acidic. Silver Birch (Betula pendula Roth), a dominant tree species 
within the Forest, further acidifies precipitation passing through the canopy (Alcock & 
Morton, 198 1). 
Broadstone Stream drains a catchment of acid heathland on its south-eastern side 
and mixed deciduous woodland on its north-western side. The heathland is 
characterised by Calluna vulgaris L., Erica spp. and the canopy is dominated by 
bracken, Pteridium aquilinium L., during the summer. Gorse (Ulex spp. ), Silver Birch 
and occasional Scots Pine are scattered throughout the heathland. The woodland side of 
the catchment is dominated by Beech (Fagus sylvatica L. ) in the uppermost reaches. 
This blends into a more mixed deciduous community of Alder (Alnus glutinosa L. ), 
Sweet Chestnut (Castanea sativa Mill. ), Hazel (Corylus avellana L. ), Silver Birch, 
Sessile Oak (Quercus petraea (Mattuschka) Lieblein) and Pedunculate Oak (Quercus 
robur L. ), downstream. Detritus, most obviously wood and leaves derived from these 
trees, forms the dominant basal resource of the stream. Because the stream is acid and 
heavily shaded, algae and macrophytes are absent and there is no primary production. 
Flow and shear stress within Broadstone Stream are low (annual mean discharge 
= 0.0 1 M3 s- I (Lancaster & Hildrew, 1993 b)) and pools and log j ams, where leaf-packs 
accumulate, are common. Mean channel depth and width are 14cm and 1.38m, 
respectively. The permanently flowing acidified length of the stream is about 800m, 
over which acidity declines progressively downstream (Rundle, 1988). A number of 
factors are responsible for this acidity gradient. First, there is a successive downstream 
loss Of C02 to the atmosphere, which causes a shift in the bicarbonate-carbonate 
buffering system. Also, ochre deposits of iron bacteria (Leptothrix ochraceae Roth. ) and 
ferric hydroxide, which carpet the substratum during low flow, are especially prevalent 
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in the upper reaches, where iron-rich seeps drain into the stream. The oxidation and 
reduction reactions of iron buffer the stream water, increasing the pH somewhat 
downstream (Hildrew & Ormerod, 1995). Finally, Sphagnum bog surrounds the source, 
further acidifying the upper reaches. 
Immediately downstream of the acidified section a circumneutral tributary joins 
Broadstone. Brown trout (Salmo trutta L. ) are found below this confluence, but are 
excluded from the upper reaches, where the higher acidity precludes successful breeding 
(Lancaster, 1988). Many of the species typical of the upper acidified reaches, such as 
the large invertebrate predators and the Leuctridae and Nemouridae stoneflies, are 
largely absent from the lower circumneutral reaches. This spatial distribution may be 
due to the presence of benthivorous fish and superior competitors in these downstream 
reaches (Townsend et al., 1983; Hildrew et al., 1984; Schofield, 1988; Lancaster, 1988). 
Colonisation of the upper reaches by fish and other circumneutral species during 
episodes of reduced acidity is prevented by the presence of a weir immediately above 
the confluence. 
The acidity of Broadstone varies over time, as well as space. Because surface 
run-off accounts for the majority of acid inputs, mean pH is lower in the winter and acid 
events more extreme than in the summer, when rainfall is reduced and less pulsed. The 
relative contribution of well-buffered groundwater increases during low flows (Jenkins 
et al. 1990), and mitigates the acidity of surface derived run-off. Also, reduced flow and 
high temperature increase anoxic conditions in the summer, thereby favouring nitrate 
and sulphate reduction which may further ameliorate acidity (Hildrew & Ormerod, 
1995). 
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2.2. Study species .- 
Cordulegaster boltonii. 
Because C. boltonii was vanishingly rare in Broadstone Stream prior to the mid- 
1990s, this species has received little attention. However, as an invading predator, the 
lack of information about its life-history formed an important gap in the ongoing 
characterisation of the Broadstone community. In this section several aspects of the 
invading predator's autecology are summarised from a range of sources, largely because 
such information is not readily accessible in the literature. In addition, some of the 
major ecological traits common to the order Odonata that may be pertinent to C. 
boltonii's interactions with the resident members of the Broadstone Stream benthos, are 
also reviewed briefly. 
The nymphal phase. 
Size and development. 
Cordulegaster boltonii (Donovan) is the only member of the family 
Cordulegasteridae (order Odonata; sub-order Anisoptera) found in the British Isles. 
The 14-15 instars range from 1.9mm to over 40mm in body length (Chovet, 1976). 
Females are slightly larger than males in the last two instars, reflecting differences in 
adult size. Although the nymphal stage can last for up to ten years in Scotland (R. 
MacKenzie, pers. comm. ), it appears to last for only three years in Broadstone Stream, 
probably reflecting the lower altitude and latitude of the Ashdown Forest. 
Cordulegaster boltonii can overwinter as either eggs or nymphs in their first year, and 
both features may exist within a single population (Chovet, 1976). 
Length-weight regressions for C. boltonii were derived from forty-eight nymphs 
collected from Broadstone in October 1995. Head capsule length and width, and total 
body length were measured. Nymphs were freeze-dried, following removal of gut 
contents. All three linear dimensions measured provided accurate predictors of dry 
weight, but head capsule width was the most efficient, as revealed by best-subsets 
regression analysis (Fig. 2.1). 
The regression equation is: 
0.204 + 2.85(x) 
where y= dry weight (Log 10 mg) ;x= head capsule width (Log 10 mm) . 
Biomass increased by a factor of 6,500 from the smallest to largest individual 
found within Broadstone during this study. 
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Figure 2.1. Three linear measures of nymphal size as predictors of biomass 
for Cordulegaster boltonii (n = 48). 
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Distribution and habitat. 
Cordulegaster boltonii is distributed in a broad swathe running from North 
Africa to Scandinavia (Askew, 1988). Within the British Isles, C boltonii is typical of 
moorland in the North and West, and of the lowland equivalent, acid heath, in the South 
and East (Hammond, 1985). The nymphs are generally found in headwater streams, and 
appear to favour marginal habitats with dense vegetation (Prodon, 1976; Rutt et al., 
1989), possibly using these areas as refugia from fish (Lloyd & Ormerod, 1992). 
Although Cordulegaster boltonii is traditionally considered to be a burrowing 
species (Corbet, 1980), nymphs also dwell in weeds (Lloyd & Ormerod, 1992) and sit 
upon the substratum surface (Prodon, 1976). In Prodon's (1976) study C. boltonii 
(described as C annulatus Latr), favoured areas of moderate flow (below 10-15cms-1), 
with substrata which offered the least resistance to burrowing, and which contained 
abundant prey (Tables 1.1-1.3 (adapted from Prodon, 1976)). Although Prodon's 
hypothesised maximal probability of C boltonii presence reflected the average flow 
regime of Broadstone, the coarseness of the substratum (median particle size in riffles 
(diameter) = 49.5mm, QDý = 0.67 (Gjerlov, 1997)) may limit the availability of 
favourable habitat. 
Feeding 
Cordulegaster boltonii nymphs are generalist sit-and-wait predators (Chovet, 
1976), like the nymphs of the Libellulidae and Gomphidae dragonflies, which they 
resemble superficially. The nymph usually buries itself in mud or gravel, leaving only 
the tip of the head and the anal appendages, which house the rectal gills, visible (Fig. 
2.2). The nymph excavates a pit-like depression in front of the head, into which it 
shoots the labial mask to capture prey. The mask is unique to the Odonata, and is 
extended hydrostatically (Askew, 1988; Corbet, 1999). The extension of the mask is 
extremely rapid (Corbet, 1999), and very effective at capturing fast-moving 
prey. The wide gape of the mask allows dragonflies to take relatively large prey, 
including small vertebrates (Chovet, 1976; Jordan & McCreary, 1996; Werner & 
McPeek, 1994; Gascon, 1992). The larger dragonflies can consume considerable 
numbers of prey; for example, Hemicordulia tau can take over fifty midge larvae per 
day (Arena & Calver, 1996). 
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Tables 2.1-2.3. Micro-distribution of C boltonii, as determined by substratum 
granulometry (Table 2.1), flow (Table 2.2) and prey abundance (Table 2.3) (translated 
and adapted from Prodon, 1976). 
2.1 Substratum b. - Particle compaction Loose 10 Hard 
characteristics Particle diameter: 0.25 4 16 
Nymphal posture Normal burial Incomplete burial Burial 
impossible 
Possibility of Maximum 
within-sediment 
respiration Zero 
Resistance to Burrowing 
burrowing 
\ 
Minimum impossible 
Population density Maximum 
0 
Annual mean flow in Broadstone Stream (5.2cm s-1) 
I 
2.2. Flow 
Velocity (cm s-1) 
Weak :::: 1 0, Strong 
05 10 (erosion of loose sediment) 
Effect upon None Stimulation of Drift 
behaviour burrowing (if not buried) 
Probability of ? 
presence of 
nymphs (hypoth. ) 0 
2.3 Prey abundance Zero 10 Low 10 High 
Dispersion of Max 
nymphs Min 
Probability of Max 
presence of 
nymphs 0 
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Figure 2.2. The typical feeding position of C. boltonii (from Prodon, 1976). 
s,. II"; J 
--- 
-tip 
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Feeding in dragonflies is affected by the length of time elapsed since the last 
moult, the degree of hunger, and the size, density and movement of potential prey 
species (Corbet, 1980 & 1999), and ambient temperature (Thompson, 1978). Active 
prey taxa have higher encounter rates than sedentary prey, and provide a stronger attack 
stimulus; consequently, such prey are often favoured in the diet. However, diet selection 
does not necessarily reflect active choice by the predator; selectivity may simply be a 
consequence of differential encounter rate and capture efficiency (Sih, 1993). In a 
previous study, Cordulegaster boltonii appeared to favour mobile prey, such as Baetis sp 
(Ephemeroptera) (Chovet, 1976). 
Diel feeding behaviour provides an important temporal niche among dragonflies 
(Johansson, 1993 (a)). The relative contribution of day and night feeding varies among 
and within species, largely due to differences in lifestyle and developmental state 
(Corbet, 1999). Ontogenetic changes in diet are well-documented among dragonflies, 
including C. boltonii (Chovet, 1976). The upper size limit of potential prey is 
constrained by the size of the mask, but large nymphs can take small prey by the use of 
the labial palps. Consequently, the diet often widens as successively larger prey are 
included in the diet as an individual grows (Corbet, 1999). In addition, because the 
ommatidia develop mostly in the final instars the importance of visual stimuli increases 
during ontogeny, and this may also be reflected by changes in the diet (Corbet, 1980). 
Cannibalism. 
Cannibalism is expected to be rare in nature, as it supposedly destabilises food 
webs (Pimm, 1982). However, cannibalism can be pronounced among dragonflies 
(Wissinger, 1989; Van Buskirk, 1992; Anholt, 1994), and has been suggested as a means 
of density-dependent control of Populations (Van Buskirk, 1989; Johnson et al., 1995). 
Dragonflies may also kill smaller conspecifics without consuming them; this 'wasteful' 
killing is density-dependent and reduces competition (Fincke, 1994). Cannibalism is 
largely size-driven, with larger nymphs preying upon smaller nymphs; Chovet (1976) 
detected cannibalism only in the four last instars of C. boltonii, which preyed upon the 
earliest instars. The prevalence of cannibalism generally declines when alternative prey 
are available (Chovet, 1976; Johansson, 1992a; Johansson, 1996). 
Cannibalism may be particularly prevalent at oviposition sites, where nymphs are 
highly aggregated. Hopper et al. (1996) found that cannibalism among Epitheca 
cynosura depressed the survival of early instars more strongly than competition for food. 
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Small dragonflies may reduce encounter rates with large (i. e. cannibalistic) nymphs by 
feeding at different times of the day and reducing their activity. These behavioural 
adaptations incur reduced feeding success, suggesting that the avoidance of cannibalism 
offers considerable selective advantages (Van Buskirk, 1992). Small nymphs may also 
avoid cannibals by occupying different microhabitats (Corbet, 1999). 
Competition andpredation. 
Density-dependent competition appears to be common both among and within 
many dragonfly species (Banks & Thompson, 1986; Crowley et al., 1987; Fincke, 1994; 
Johnson et al., 1995; Hopper et al., 1996). The intensity of competition can vary 
seasonally (Wissinger, 1989), often declining over winter as mortality reduces nymphal 
populations (Johnson et al., 1985). Competition for food among dragonflies can 
suppress growth, and these smaller nymphs consequently suffer increased predation, 
resulting in a negative feedback loop (Wissinger, 1989). In addition to the negative 
impacts of competitors and cannibals, dragonflies are themselves vulnerable to 
predators, especially larger dragonfly species and fish (Morin, 1984; Heads, 1985; 
McPeek et al., 1996; Corbet, 1999). 
The adult phase and oviposition. 
Cordulegaster boltonii is one of the largest British dragonflies in the adult phase, 
and is a strong flier. The nymphs emerge relatively early in the year (Fefferasromero & 
Corbet, 1995). The adult phase typically lasts for up to six weeks, for C boltonii, during 
which time an individual may mate on numerous occasions, with different partners. The 
flight period typically lasts from mid-June until end-August, although in exceptionally 
warm years it may be extended by several weeks (Hammond, 1985). 
Male C boltonii spend several hours per day patrolling along the stream channel, 
which functions as the mating site. The distance patrolled can exceed 800 metres 
(Kaiser, 1982), equivalent to the entire acidified length of Broadstone. Cordulegaster 
boltonii are not strictly territorial, unlike many other large dragonflies, but patrol a loose 
territory that overlaps with other males. Females only visit the stream to mate and 
oviposit. Eggs are oviposited within muddy or silty substrata, in shallow water usually 
less than five centimetres deep. One to two dips of the ovipositor are made per second, 
for up to fifteen minutes at a single site, resulting in strong aggregations of eggs at 
favoured sites. Because hatching can be delayed until the following spring, and the 
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nymphs are relatively immobile, these aggregations may be detected long after the 
oviposition period. 
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Chapter 3 
Community persistence in Broadstone Stream over three 
decades. 
Introduction 
This chapter assesses long-term trends in community structure in Broadstone 
Stream, an acid headwater in south-east England. Surveys were carried out and 
combined with previous data collected since the early 1970s, to create a database 
spanning 25 years. This time series, equivalent to twenty-five generations for most 
species within Broadstone, was used to investigate community stability and 
responses to environmental variables. 
The supposed link between community stability and complexity has been a 
central tenet of ecology for over seventy years, although the consensus of opinion 
has shifted as to whether the relationship is positive or negative (see Elton, 1927; 
MacArthur, 1955; May, 1972; Pimm, 1982; Polis, 1998). A complex community can 
be defined as one with high species richness, a highly connected food web, or both 
(May, 1972). Defining stability, however, is less straightforward (Begon et al. 
1996). Although there are several 'types' of community stability (e. g. resilience, 
resistance, persistence), persistence (constancy through time) will be the main focus 
of the current study. 
Because the dynamics of constituent populations within a community can 
shift from monotonic damping to chaotic fluctuations simply by increasing the rate 
of reproduction and/or the strength of density-dependence (May, 1975), stability can 
be difficult to quantify in natural systems. Additionally, because many populations 
interact, via predation and/or competition, the potential for chaotic or unpredictable 
variation increases with species richness. Potentially, even 'chaotic' communities 
can be stable, if the variation fluctuates within a limited range. However, this 
variability makes the detection of any stability difficult without extensive time series 
of data. Because of the dearth of such data for entire communities, an alternative 
method of assessing stability has been to survey a large number of sites over a few 
sampling occasions (e. g. Townsend et al., 1987; Weatherley & Ormerod, 1990; 
Edmonds-Brown, 1995). The shortage of both large-scale temporal and spatial data 
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sets (Hildrew & Giller, 1992), has largely limited the analysis of stability to 
modelled, rather than empirical, data. 
An understanding of the mechanisms that govern stability is important to both 
theoretical and applied ecology, particularly now that increasing efforts are being 
made to conserve ecosystem biodiversity. Early ecologists predicted that complex 
systems would be more stable than simple ones (Elton, 1927,1958; MacArthur, 
1955). These theories were later overturned by May (1972,1973) and subsequent 
researchers (e. g. Pimm, 1982), who found that modelled systems were more stable if 
they were simple. However, more recent models have demonstrated that complexity 
may enhance stability, especially if most species interactions are weak (Polis, 1998; 
McCann et al., 1998). There is increasing evidence that the ma ority of interactions 
within food webs are weak (e. g. Paine, 1992; Miffler et al., 1999), rather than the 
strong interactions assumed by modellers (Hall & Raffaelli, 1993; Polis, 1998). 
Briand (1983) proposed that complex food webs were more common in stable 
environments. Conversely, Jeffries (1989) has suggested that environmental 
unpredictability is an important component affecting the structure of freshwater 
communities. Although Broadstone Stream is species-poor, due to its low pH, the 
food web is exceptionally interconnected (see Lancaster & Robertson, 1995). This 
high trophic complexity has increased still further following the invasion of a new 
top predator, Cordulegaster boltonii (Chapter 7). The low variation in community 
composition over time (i. e. high persistence) has been suggested as evidence that the 
Broadstone community is stable (Hildrew et al., 1985; Edmonds-Brown, 1995). 
Townsend et al (1987) and Edmonds-Brown (1995) found that communities were 
more persistent in cool, acid streams (i. e. Broadstone) than in their warmer, 
circurnneutral counterparts. Broadstone also appears to be highly resilient: the 
abundance of small-scale in-stream flow refugia enables the community to rebound 
to its original state within a matter of days, even following extreme flow disturbance 
(Lancaster & Hildrew, 1993a & b). Such rapid recolonisation results in a more 
homogenous community over longer time scales, and this association between 
refugium availability and persistence has been clearly demonstrated across a large 
sample of streams recently by Gj erlov (1997). 
However , in spite of this apparent stability, the communities of 
Broadstone 
and several neighbouring streams have changed recently in a manner that suggests a 
response to ameliorating acidity (Gjerlov, 1997). Acidification of freshwaters is 
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undoubtedly one of the major environmental concerns of recent times, and has 
affected large areas of Europe and North America (Mason 1991). The impacts of 
acidification upon community structure, particularly the loss of fish stocks, are 
profound both economically and ecologically (Edwards et al., 1990), and well- 
documented (e. g. Eriksson et al., 1980; Hall, et al., 1980; Henrikson & Oscarson, 
1981; Hildrew et al., 1984; Burtone et al., 1985; Campbell & Stokes, 1985; Ormerod 
et al., 1987; Hildrew, 1992; Rosemund et al., 1992; Hildrew & Ormerod, 1995; 
Lancaster et al., 1996). However, few data have documented community responses 
to a reversal of acidification (but see Rundle et al., 1995), although there appears to 
be a recent rise in pH in some acidified streams (S. J. Ormerod, pers. comm. ). 
The main objectives of the current study are listed below: 
1. To characterise community persistence, using a combination of 
univariate, bivariate and multivariate techniques. 
2. To identify trends in community change, if any, between 1974 and 1997. 
3. To identify possible factors affecting community structure, with particular 
reference to changing acidity. 
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Methods 
General survey methods 
The entire acidified length of Broadstone Stream (about 780m) was surveyed 
once in October 1995, followed by repeated sampling within a 200m subset between 
April 1996 and April 1997. Surber samples (sample-unit area 0.0625m 2; mesh 
aperture 330ýtm) were taken to quantify the density of benthic macroinvertebrates. 
The benthos was sampled to a depth of 5cm, the usual vertical extent of the 
hyporheos in Broadstone (Rundle, 1988). All samples were preserved immediately 
in 5% formalin. Samples were then sorted in the laboratory, and macroinvertebrates 
were removed and counted. 
Survey-specific methods 
October 1995 spatial survey. The benthos was sampled in fifteen contiguous 50m 
reaches, with the exception of an inaccessible section between 650-680m. upstream 
of Orn (where a waterfall and a temporary enriched tributary separates the acid and 
circumneutral sections of Broadstone). Within each reach 10 Surber sample-units 
were taken; six were randomly dispersed, and four were taken from leaf-packs (i. e. 
total n= 150). Only the dominant large predators (Cordulegaster boltonii, Sialis 
juliginosa Pict., Plectrocnemia conspersa (Curtis) and Platambus maculatus (L. )) 
were enumerated in this survey. 
April 1996 - April 1997 temporal survey. A 200m. stretch within the mid-section of 
the 780m that had been surveyed in October 1995 was sampled on alternate months 
(with an additional sample in May 1996) between April 1996 and April 1997, 
inclusive. Thirty randomly dispersed sample-units were taken on each occasion. Six 
samples were used to estimate the abundance of all macroinvertebrates (May, 
August, October, December 1996 and February and April 1997), whereas only C 
boltonii, S. fuliginosa, P. conspersa and P. maculatus were counted in April and June 
1996. Invertebrates were identified from published taxonomic keys (Appendix 1). 
Selection of additional survey data. 
Additional survey data, supplied by A. G. Hildrew, C. R. Townsend, J. 
Lancaster and J. H. Winterbottom, were collated to create a database that spanned 24 
years. Only randomly-dispersed sample-units, taken using identical methods, and 
where n :?: 5. were included in the database. Sampling occasions are summarised 
below: 
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1970s 1980s 1990S 
April, June, August, 
October & December 1974; 
December 1985; March, 
May, July, September & 
April, July, December 1995; 
January, May, August, 
February & April 1975. December 1986; May & October, December 1996; 
July 1987. February & April 1997. 
Taxonomic resolution was also standardised among samples; the taxonomic 
groups to which animals were assigned are listed below (abbreviations used in 
multivariate, biplots are given in parentheses): 
Anisoptera Trichopter 
Cordulegaster boltonii (C b) Plectrocnemia conspersa (P. c) 
Megaloptera Rhyacophila dorsalis (R. d) 
Sialisfuliginosa (S. J) Hydropsyche spp. (HY) 
Plecopter Potamophylax cingulatus (P. ci) 
Siphonoperla torrentium (S. t) Adicella reducta (A. r) 
Leuctra nigra (L. n) Sericostoma sp. (SE) 
Nemurellapictetii (N. p) Chironomidae 
Isoperla grammatica (1g) Macropelopini (MA) 
Ephemeroptera Pentaneurini (PE) 
Paraleptophlebia submarginata (P. s) Heterotrissocladius 
Coleoptera marciduslBrillia 
Dytiscidae (DY) Modesta (H m) 
Helodidae (HE) Corynoneura oblata (Co) 
Elmidae (EL) Polypedilum alb icorne (P. a) 
Prodiamesa olivacea (P. o) 
Ceratopogonidae (CE) 
Simuliidae (SI) 
Tipulidae (TI) 
Other Diptera (DI) 
Isopod 
Asellus meridianus (A. m) 
Amphipod 
Niphargus aquilex (N. a) 
Bivalvia 
Pisidium sp. (PI) 
Oligochaet (OL) 
Hirudinae (HI) 
D. Monteith supplied additional water chemistry data from 1996 onwards. 
Discharge was measured continuously at an Environment Agency monitoring station. 
Because of recent malfunctions with the Broadstone discharge meter, data from 1993 
onward were recreated from discharge measured at Chafford, a nearby site, using the 
regression equation: ym3 S-1 =xm3 s- Ix (0.00554) - 0.000035, derived by Gjerlov 
(1997). 
Data analysis. 
Similarity indices. Jaccard's and Sorenson's Indices, given below, were calculated 
for all pair-wise comparisons of sampling dates between the 1970s and the 1990s; 
Jaccard's Index of Similarity: Ci. = 
c 
(a+b-c) 
Sorenson's Index of Similarity: C, = 
2c 
+ 
(Southwood, 1978) 
(Sorenson, 1948) 
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Where: a= the number of taxa found in sample a 
b= the number of taxa found in sample b 
c= the number of taxa found in both sample a and b 
Both indices are constrained to values between zero (no similarity) and unity 
(complete similarity). Pairwise comparisons between all sampling occasions are 
given in Appendix 2. 
k- dominance curves. Graphical comparisons of community composition were made 
using k-dominance curves (Lamshead et al. 1983). The shape of the curves reflects 
community responses to disturbance: elevated curves that are dominated by a few 
taxa are generally associated with increased environmental perturbation (Warwick & 
Clarke, 1991). 
Multivariate analysis. Multivariate analysis was performed using CANOCO 3.14 
(ter Braak, 1994). Three measures of the variability in the community were 
calculated, using analyses developed from those used by Lancaster et al (1996). 
Firstly, turnover was calculated as the length of the gradient of the first axis of a 
partial Detrended Canonical Correspondence Analysis (DCCA) (ter Braak & 
Prentice, 1988) with sampling year used as a single constraining variable, and season 
as four dummy variables partialled out (ter Braak, 1988a). Because this axis is 
rescaled in standard deviation units, it gives a measure of species turnover through 
time and, as such, offers a measure of the variability that is accounted for by a linear 
time trend after removing the effect of seasonality. Seasons were categorised as 
Winter (January-March), Spring (April-June), Summer (July- September) and 
Autumn (October-December). Following rescaling, a gradient length of the first 
DCCA axis that exceeds four standard deviations represents a complete turnover in 
community composition. Secondly, between-year variability was assessed by 
calculating the length of the first axis of a partial DCCA, with year expressed as 
eight constraining dummy variables (i. e. one per year). The effects of year as a linear 
trend and season as four dummy variables, were partialled out. This provided a 
measure of the temporal persistence of the community, after the effects of a linear 
trend and season had been removed, with a long gradient indicating low persistence. 
The third measure of temporal variation was calculated as the length of the first axis 
of a partial DCCA, in which season (as four constraining dummy variables) and year 
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(eight dummy variables, one per year) were partialled out. This ordination provided 
a measure of residual seasonal variation, after the effects of between-year variance 
had been removed. In addition, these three estimates of temporal variation were 
repeated, but without removing the effect of seasonality. This was done because a 
few rare taxa (e. g. Isoperla grammatica, Paraleptophlebia submarginata, Hirudinae) 
occurred in only one season within one decade, thus confounding these temporal 
variables. 
Redundancy analysis (RDA) was used to test the data for a significant linear 
trend in community composition. A preliminary Principal Components Analysis 
(PCA) was performed, prior to this analysis, to illustrate the unconstrained variation 
within the data. RDA is effectively a constrained form of PCA, and, like PCA, 
assumes linearity between taxa and components. Because DCCA revealed short 
time-constrained gradient lengths (<1.5 SD units) linear methods were appropriate 
(ter Braak & Prentice, 1988). The first RDA axis quantifies the linear component of 
the between-year variation. Consequently, it can be used to assess the strength of the 
trend, and its significance can be tested using Monte Carlo simulations. Such an 
analysis makes no assumptions about the underlying distributions of the data and, 
consequently, offers a useful alternative to more traditional tests (Manly, 1991; 
Potvin & Roff, 1993). Because the data formed a time-series, a restricted 
permutation test was employed in which the range of possible permutations was 
constrained to preserve the autocorrelative structure of the data (see ter Braak, 1990 
for methods). The F-ratio of the first RDA axis was compared with those from 999 
permutations to assess the statistical significance of the linear trend. 
Mean abundance was calculated for each taxon within each sampling 
occasion. Macroinvertebrate counts were then transformed to percentage taxon 
abundance in each sample-unit prior to analysis. Because these data are 
compositional, they were log-transformed and then centred by taxa and samples (log- 
ratio centring) prior to RDA (Aitchinson, 1986). As water chemistry data were not 
available for all sampling occasions, pH was fitted to the ordination passively, rather 
than as a constraining variable. One sample, June 1974, was omitted from the 
analysis. This was because this month only occurred once within the time-series, and 
its community composition was skewed by a large reduction in the dominant species, 
Leuctra nigra, due to its emergence. 
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A summary of the multivariate analyses used is given below (dummy (D) and 
continuous (C) variables are shown in parentheses): 
Model Test Covariables Constraining Passive variables 
variables 
DCCA Turnover Season (D) Year (C) 
DCCA Persistence Year (C), Season (D) Year (D) 
DCCA Within-year Year (D) Season (D) 
DCCA Turnover Year (C) 
DCCA Persistence Year (C) Year (D) 
DCA Within-year Year (D) 
PCA Not 
Constrained 
RDA Linear trend Year (C) 
RDA Linear trend Season (D) Year (C) 
pH (C), Season (D), Decade (D), 
Year (C) 
pH (C), Season (D), Decade (D) 
pH (C), Decade (D) 
ANOVA and population scale analysis. ANOVA was used to compare changes in 
relative abundance among years, within seasons. This analysis, therefore, 
complemented the multivariate analyses, which were also performed using 
compositional data. Prior to analysis, percentage abundance data were arcsin 
transformed, to normalise distribution and stabilise variance. Mean absolute density 
was also calculated for individual taxa for all sampling occasions, and plotted as a 
time-series between 1974-1997. 
Analysis at the sub-population scale. Frequency distributions of the fourteen instars 
of an invading top predator, Cordulegaster boltonii, were constructed for each 
sampling occasion from 1995-1997, to examine temporal shifts within the 
community at the sub-population scale. 
Spatial patterns. Reach-scale (50m) variations in the guild of large predators were 
assessed ftom the large spatial survey of October 1995. The relative and absolute 
abundance of C boltonii, Sialis fuliginosa and Plectrocnemia conspersa were 
compared among 50m reaches along the entire acidified length of the stream. The 
average biomass of individual C boltonii was calculated per reach, using a head 
capsule width regression derived from nymphs taken from Broadstone (Chapter 2). 
pH was measured in each 50m section in June 1998, following two weeks of low 
rainfall that allowed the pH profile to stabilise. 
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Results 
Similarity indices and species occurrence. Both Jaccard's and Sorenson's Indices of 
Similarity suggested relatively high persistence for all pair-wise comparisons across 
the three decades (Fig. 3.1 a; see also Appendix 2). Persistence was generally greater 
over the short-term (i. e. within decades) than over the long-term (across decades). 
Within-decade persistence was lower, and variation greater, in the 1980s compared 
with the 1970s and 1990s. The ranked order of occurrence in samples revealed a 
4 core) community of taxa that were present in all samples, with a descending limb of 
rarer taxa with progressively higher pH optima (for those taxa where optima were 
available) (Fig. 3.1 b). 
k-dominance curves. The k-dominance curves suggested that the structure of the 
community, in terms of the distribution of the relative abundance of taxa, has 
changed in the 1990s (Fig. 3.2). The lower elevation of the curves, compared with 
the 1970s and 1980s, which were broadly similar, implied that environmental stress 
has decreased in recent years. In the 1970s, the curve was least elevated in August, 
suggesting that environmental stress was lower at this time of year. In the 1990s, 
however, the community was more evenly structured for a greater portion of the 
year. 
Multivariate analysis. The short gradient length of the DCCA that measured 
turnover indicated that although the community had shifted between 1974 and 1997, 
it had not undergone a complete change in composition (Table 3.1). Between-year 
variation, following the removal of the linear temporal trend, was lower than 
turnover, suggesting that the community was relatively persistent over the twenty- 
three years of sampling. Within-year variability (i. e. seasonality) was the greatest 
source of variability, accounting for over 40% of the species variance (Table 3.1). 
These strong seasonal effects reflected the shift from a community dominated by 
chironomids (especially Heterotrissocladius marcidus) in the summer, to one 
dominated by stoneflies (especially Leuctra nigra) in the autumn, winter and spring. 
The importance of season was particularly evident in the unconstrained PCA (Fig. 
3.3a, upper panel), where it was clearly associated with Axis I, whereas decades were 
more closely associated with Axis 11. The RDAs (Figs. 3.3b & 3.3c) revealed 
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Figure 3.1 a. Indices of Similarity for the Broadstone Stream community over the 
period 1974 - 1997. All combinations of pairwise comparisons are shown. 
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Figure 3.1 b. Proportion of sampling occasions containing each taxon. Key of 
abbreviated taxon names is given in Methods. pH optima for individual taxa (from 
Hdmdldinen & Huttunen, 1996) are indicated above the line. 
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Figure 3.2. k-dominance curves of benthic invertebrates within 
Broadstone Stream. 
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Table 3.1. Summary of trend analysis for macroinvertebrates, showing taxon 
richness (S), turnover (T), between-year (B), and within-year variability (W) (% 
variance is given in parentheses), % variance explained by a linear trend, P-values 
and F-ratios obtained from restricted Monte Carlo permutation (n = 999) tests for the 
linear trend within the RDA. 
a: Ordinations with season partialled out. 
b: Ordinations with season included. 
P<0.05 **ý P<0.01 ***, p<0.00, ****. 
STBw T/B T/W Linear trend p F-ratio 
36 0.73 0.59 1.09 1.24 0.67 24.5 6.16 
(22.8) (16.1) (42.7) 
36 0.72 0.73 1.39 0.99 0.52 13.1 3.32 
(14.4) (13.8) (47.9) 
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Figure 3.3a. Principal Components Analysis (PCA) biplot of macroinvertebrate taxa 
recorded in Broadstone Stream over three decades. 
The upper panel shows species scores, the lower panel shows sample scores. See Methods for species 
codes. The polygons in the lower panel represent the maximum bounding box, drawn by eye, that can 
be drawn around the sample scores for each of the three decades. Sampling occasions, shown as 
centroids, and pH and Year (as a linear trend), shown as vectors, were fitted passively. 
Note both Axes I and 11 are in reverse order, to facilitate comparison with Figs. 3.3b & 3.3c. 
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Figure 3.3b. Redundancy analysis (RDA) biplot of macroinvertebrate taxa, recorded in 
Broadstone Stream over three decades. 
The upper panel shows species scores, the lower panel shows sample scores. See Methods for species 
codes. The polygons in the lower panel represent the maximum bounding box, drawn by eye, that can 
be fitted around the sample scores for each of the three decades. Axis I was constrained by year as a 
linear trend (P < 0.01; F-ratio = 4.47; Monte-Carlo). Sampling occasion and pH, shown as centroids 
and vectors, respectively, were fitted passively. 
Where available, pH optima (from Htimmalainen & Htittenen, 1996) have been overlain on species 
scores (inset graph). 
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significant linear trends with respect to year. These trends covaried with pH (and 
thus could be caused by pH), especially when the effect of season was removed. The 
three decades were most clearly separated when seasonality was partialled out (Fig. 
3.3c). There were strong associations between certain taxa and the three decades. 
Predators in particular were associated with the 1990s; C boltonii, the Pentaneurini, 
Macropelopini, Ceratopogonidae and Siphonoperla torrentium were clustered near 
the 1990s centroid. The independently derived pH optima (from Hdmdldinen & 
Huttunen, 1996) also corresponded with the trends in sampling year and pH, with 
more acid-sensitive taxa being associated with the 1990s. In Figs 3.3a &b the 
vectors for pH were associated with the 1990s on one axis and summer on the other, 
suggesting an interaction between seasonality and year. The variability of 
community structure within decades increased over time, as revealed by the larger 
spread of sample scores in 1980s and 1990s compared with the 1970s. 
Trophic structure of the benthos. There were clear shifts in the trophic structure of 
the benthos over time (Fig. 3.4). Notably, the proportions of predators increased 
progressively over the three decades: the abundance of C boltonfl, S. juliginosa, 
Siphonoperla torrentium, the Macropelopini, Pentaneurini and Ceratopogonidae has 
increased since the 1970s. Consequently, the predator guild in the 1990s spanned a 
broader range of both body-size and feeding modes than previously, especially when 
compared with the 1970s, when two taxa, P. conspersa and the Pentaneurini, 
dominated this guild (although S. juliginosa was also Present in low numbers) (Fig. 
3.4). These shifts within the predator guild suggested both a lengthening of food 
chains and an increase in the number of routes between trophic levels in the food 
web. The increased abundance of predators, relative to prey, suggested an 
enhancement of the strength of predatory feeding links. 
Population trends. There were significant differences in the relative (Table 3.2) and 
absolute abundance (Fig. 3.5) of certain taxa among the three decades, reflecting the 
patterns seen in the multivariate analysis. Species with the highest pH optima 
peaked in both absolute and relative abundance in the 1990s. Species associated 
with more profound acidity (e. g. the stoneflies Nemurella pictetii and Leuctra nigra, 
and the caddis Plectrocnemia conspersa (Lancaster et al., 1996)) generally peaked in 
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Figure 3.4. Relative abundance of macroinvertebrate predators and prey in 
Broadstone Stream over three decades. 
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Table 3.2. Abundance (arcsin % transformed) of benthic macroinvertebrate taxa. 
One-way ANOVA for comparisons within seasons, among decades. Tukey-Kramer 
pairwise comparisons are given. Taxa that did not show significant differences in 
relative abundance (at P <O. N are omitted from the Table (see Methods for complete 
list of taxa). 
Estimated optima and Lower Tolerance Limits (LTL) for pH were derived from 
MindIdinen & Huttunen (1996), except for Leuctra nigra, which was assigned an 
optimum pH the same as the mean pH of sites for which it was an indicator species 
in the study by Rundle et al. (1995). 
a. Summer 
P<0.05 **5 P<0.01 ***., ) p<0.001 
Peak Taxon Optimum LTL F P Post-hoc pairwise 
Density pH pH comparisons 
1990S Cordulegaster boltond 5.4 4.6 8.79 90s > 80s, 70s 
Macropelopini 21.78 90s> 80s, 70s 
Pentaneurini 9.47 90s > 80s, 70s 
Pisidium spp. 5.4 4.5 13.05 90s > 80s, 70s 
Prodiamesa olivacea 5.57 90s > 80s, 70s 
Oligochaeta, 6.81 90s> 80S 
1980S Sialisfuliginosa 5.1 4.3 4.97 80s, 90s > 70s 
Tipulidae 4.39 80s> 70s 
Leuctra nigra 5.0 10.41 80s> 90S 
Nemurella pictetii 4.7 4.3 11.87 80s> 90S 
Heterotrissocladius marcidus 14.00 80s, 70s > 90s 
1970s Plectrocnemia conspersa 5.0 4.3 11.60 70s, 80s > 90s 
Corynoneura oblata 27.72 70s > 80s, 90s 
Brillia modesta 18.84 70s > 80s > 90s 
Non-predatory Chironomidae, 40.34 70s > 80s, 90s 
Other Diptera. 35.89 70s > 80s, 90s 
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Table 3.2. Abundance (arcsin % transformed) of benthic macroinvertebrate taxa. 
One-way ANOVA for comparisons within seasons, among decades. Tukey-Kramer 
pairwise comparisons are given. Taxa that did not show significant differences in 
relative abundance (at P <0.0ý are omitted from the Table (see Methods for complete 
list of taxa). 
Estimated optima and Lower Tolerance Limits (LTL) for pH were derived from 
Hdmdldinen & Huttunen (1996), except for Leuctra nigra, which was assigned an 
optimum pH the same as the mean pH of sites for which it was an indicator species 
in the study by Rundle et al. (1995). 
b. Autumn 
P<0.05 **, P<0.01 ***, P<0.001 ****. 
Peak Taxon Optimum LTL FP Post-hoc pairwise 
Density pH pH comparisons 
1990s Cordulegaster boltonii 5.4 4.6 16.43 90s > 70s, 80s 
Siphonoperla torrentium 
Pentaneurini 
Ceratopogonidae 
Brillia modesta 
5.50 
33.50 
5.34 
5.25 
90s > 70s 
90s > 80s > 70s 
90s > 70s 
90s > 80s 
Pisidium spp. 
Oligochaeta 
5.4 4.5 17.22 
10.49 
90s > 70s, 80s 
90s, 70s > 80s 
1980s Sialisfuliginosa 5.1 4.3 16.05 80s > 90s > 70s 
Tipulidae 33.12 80s > 90s > 70s 
Leuctra nigra 5.0 8.50 80s, 70s > 90s 
Non-predatory Chironomidae 12.81 80s > 70s, 90s 
Corynoneura oblata 6.65 80s > 70s, 90s 
Niphargus aquilex 7.29 80s, 70s > 90s 
Heterotrissocladius marcidus 33.99 80s > 90s, 70s 
1970s Plectrocnemia conspersa 5.0 4.3 3.96 70s > 90s 
Nemurella pictetii 4.7 4.3 18.15 70s > 80s, 90s 
Other Diptera 95.23 70s > 80s, 90s 
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Table 3.2. Abundance (arcsin % transformed) of benthic macroinvertebrate taxa. 
One-way ANOVA for comparisons within seasons, among decades. Tukey-Kramer 
pairwise comparisons are given. Taxa that did not show significant differences in 
relative abundance (at P <0. * are omitted from the Table (see Methods for complete 
list of taxa). 
Estimated optima and Lower Tolerance Limits (LTL) for pH were derived from 
Hdmdltiinen & Huttunen (1996), except for Leuctra nigra, which was assigned an 
optimum pH the same as the mean pH of sites for which it was an indicator species 
in the study by Rundle et al. (1995). 
c. Winter 
P<0.05 **ý P<0.01 ***ý P<0.001 *_***. 
Peak Taxon Optimum LTL F P Post-hoc pairwise 
Density pH pH comparisons 
1990S Cordulegaster boltonii 5.4 4.6 9.35 90s > 70s, 80s 
Siphonoperla torrentium 3.90 90s > 70s 
Macropelopini 3.28 90s > 70s 
Pentaneurini 5.92 90s > 70s 
Ceratopogonidae, 12.58 90s > 70s, 80s 
Potamophylax cingulatus 5.3 4.36 90s > 70s 
Pisidium spp. 5.4 4.5 14.94 90s > 70s, 80s 
Polypedilum albicorne 4.36 90s > 70s 
Prodiamesa olivaceae 3.98 90s > 70s 
1980s Sialisfuliginosa 5.1 4.3 6.13 80s, 90s > 70s 
Tipulidae 13.90 80s > 90s > 70s 
Non-predatory Chironomidae 6.50 80s, 90s > 70s 
Heterotrissocladius marcidus 7.70 80s > 70s, 90s 
1970s Leuctra nigra 5.0 21.17 70s, 80s > 90s 
Oligochaeta 
Other Diptera 
6.34 70s, 90s > 80s 
41.86 70s > 80s, 90s 
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Table 3.2. Abundance (arcsin % transformed) of benthic macroinvertebrate taxa. 
One-way ANOVA for comparisons within seasons, among decades. Tukey-Kramer 
pairwise comparisons are given. Taxa that did not show significant differences in 
relative abundance (at P <0.0j are omitted from the Table (see Methods for complete 
list of taxa). 
Estimated optima and Lower Tolerance Limits (LTL) for pH were derived from 
H5mdldinen & Huttunen (1996), except for Leuctra nigra, which was assigned an 
optimum pH the same as the mean pH of sites for which it was an indicator species 
in the study by Rundle et al. (1995). 
d. Spring 
P<0.05 **,, P<0.01 ***ý P<0.001 ****. 
Peak Taxon. Optimum LTL FP Post-hoc pairwise 
Density pH pH comparisons 
1990s Cordulegaster boltonii 5.4 4.6 8.44 90s > 70s, 80s 
Tipulidae 12.84 90s, 80s > 70s 
Nemurellapictetii 4.7 4.3 5.68 90s, 70s > 80s 
Pisidium spp. 5.4 4.5 8.35 90s > 80s > 70s 
Polypedilum albicorne 4.25 90s > 70s 
Oligochaeta 8.95 90s, 70s > 80s 
1980s Sialisfuliginosa 5.1 4.3 11.92 80s > 70s, 90s 
Macropelopini 4.45 80s > 70s 
Pentaneurini 12.24 80s, 90s > 70s 
Leuctra nigra 5.0 8.28 80s, 70s > 90s 
Prodiamesa olivaceae 22.03 80s > 70s, 90s 
1970s Heterotrissocladius marcidus 21.36 70s > 80s, 90s 
Niphargus aquilax 
Other Diptera 
5.91 70s > 90s 
56.85 70s > 80s, 90s 
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Figure 3.5. a. Density of macroinvertebrate predators within Broadstone Stream over 
three decades. 
Additional samples where only the large predators C boltonfl, S. fuliginosa and P. 
conspersa were counted are indicated by open squares. Bars =±I SE. 
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Figure 3.5. b. Density of macroinvertebrate prey within Broadstone Stream over 
threedecades. Bars=±ISE. 
150- 
75- 
0 
500-1 
25 v 
L. nigra 
8 
40 
0 
650 
325 
15 
7 
Prodiarnesinae 
H marcidus 
0 Polypedilum spp. 
5- 
A- ---.; 
ir 
1 
; K, - ,1--- -", Zý - 0-&- v 
2000 
Total 
invertebrates 
1000- 
0 -T- 
DJDJDJDJDJDJDJDJDJ 
1973-1975 1985-1987 1994-1997 
62 
AT nirtatii 
the 1970s or, to a lesser extent, in the 1980s. Seasonal variations in absolute 
abundance declined progressively from the 1970s to 1990s for many species, 
especially among the non-predatory taxa (cf Figs. 3.5a & b). Although summer 
peaks in abundance were less marked in the 1990s than previously, the 'baseline' 
density during the winter troughs in abundance was remarkably similar across 
decades for many taxa (Fig. 3.5). 
Sub-population patterns: the invasion of a new top predator. The abundance of the 
invading top predator, Cordulegaster boltonii, peaked in October 1995 (mean 
density: 3.9±0.88SE 0.0625M-2 (= 62 nymphs M-2)). At this time there was no 
significant difference in density among C boltonii and the previous top predators, 
Sialis fUliginosa and Plectrocnemia conspersa (Table 3.3). Cordulegaster boltonii 
abundance declined progressively after October 1995 (Fig. 3.5a). There appeared to 
be three year-classes of C. boltonii within Broadstone, although a few nymphs may 
have remained in the stream for four years. The progressive decline in the 
predominance of early instars since October 1995, combined with falling absolute 
abundance (Figs. 3.6 & 3.5a), suggested that there was little recruitment after the 
summer of 1995. 
Reach-scale spatial trends. Reach-scale spatial trends among the large predators 
reflected the larger scale temporal trends and changes in pH. The relative abundance 
of C boltonii, S. fuliginosa, and P. conspersa peaked in the lower, middle, and upper 
reaches of Broadstone, respectively (Fig. 3.7). In terms of absolute density, there 
were significant interactions between species and reaches, for all species 
combinations (Table 3.4). In addition, the mean size of individual C boltonii and the 
quotient of the abundance of C boltonii : P. conspersa decreased upstream, 
reflecting a spatial gradient in pH (Fig. 3.8b). 
Water chemistry and hydrology. Acidity reflected seasonal cycles in discharge, 
declining over the summer and increasing over the winter (cf Figs. 3.9b & 3.10). 
There was a significant interaction in pH between season and decade, (Table 3.5; 
Fig. 3.9a): winter pH was not significantly different, but summer pH was 
significantly higher in the 1990s than in the 1980s. Minimum pH was lower in the 
1970s (pH 4) than in the 1980s or 1990s (pH 4.6). Maximum pH in the 1970s (pH 
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Table 3.3. Abundance (Log 10 x+I transformed) of three dominant species of large 
predator between 1995 and 1997. One-way ANOVA (df = 2) for comparisons within 
months, plus post-hoc (Tukey-Kramer) comparisons between pairs of treatments 
where appropriate (n = 30 sample-units per month; except February 96 (n = 19)). 
P<0.05 **,, P<0.01 ***ý p<0.00, ****. 
Month F P post-hoc pairwise comparisons 
I April 1995 17.80 C boltonii <& fuliginosa & P. conspersa 
2 July 1995 15.24 C boltonii & P. conspersa < S. fuliginosa 
3 October 1995 0.07 ns 
4 December 1995 6.25 C boltonii & S. fuliginosa < P. conspersa 
5 January 1996 1.47 ns 
6 April 1996 11.28 C boltonii & S. fuliginosa < P. conspersa 
7 May 1996 8.85 C boltonii & S. fuliginosa < P. conspersa 
8 June 1996 5.63 C boltonii & S. fUliginosa < P. conspersa 
9 August 1996 4.29 C boltonii < P. conspersa 
10 October 1996 13-17 C boltonii < S. fuliginosa < P. conspersa 
11 February 1997 9.54 C boltonii < S. fuliginosa & P. conspersa 
12 April 1997 18.01 C boltonii < S. fuliginosa < P. conspersa 
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Figure 3.7. Reach-scale variations in the composition of the large 
predator guild within Broadstone Stream in October 1995. 
Data have been back-transformed following arcsin transformation. Bars 
= ±ISE. 
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Table 3.4. Abundance (Loglo x+I transformed) of the three dominant species of 
large predator within Broadstone Stream in October 1995. Two-way ANOVA for 
comparisons among 50m reaches and species (n = 10 sample-units per stretch; 
random and leaf-pack samples combined). 
P<0.05 **, P<0.01 ***, p<0.00, ****. 
Df p 
IC boltonii v S. fuliginosa 
Species 1 5.96 
Reach 14 3.42 
Species x Reach 1.90 
C boltonii v P. conspersa 
Species 1 16.71 
Reach 14 2.30 
Species x Reach 3.00 
P. conspersa v S. fuliginosa 
Species 1 2.11 Ns 
Reach 14 3.48 
Species x Reach 3.05 
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Figure 3.8 Reach-scale variations in predator populations and pH in Broadstone 
Stream. 
a. Mean individual biomass of C boltonii nymphs per 50m stretch. 
October 1995. 
b. Quotient of C. boltonii to P. conspersa larval density per 50m stretch. 
October 1995. 
c. pH profile of Broadstone Stream. July 1998. 
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Figure 3.9. pH and aluminium concentration within Broadstone Strearn. 
a. Mean summer (solid circles) and winter (open squares) pH of Broadstone 
Stream in the 1980s and 1990s. Bars = ISE. 
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b. Monthly variations in pH within Broadstone Stream between March 1997 and 
March 1999. Dashed lines Iý2&3 indicate maximum, mean and minimum pH 
recorded in the 1970s, respectively. 
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Figure 3.10. Discharge hydrograph for Broadstone Stream, 1992-1996 
(1993 onwards uses recreated data). 
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Table 3.5. GLM for comparisons of summer and winter pH in the 1980s and 1990s. 
P<0.05 **5 P<0.01 ***3 P<0.001 ****. 
Df F 
Season 1 25.88 
Decade 1 3.56 
Season x decade 1 7.93 
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6.2), was higher than in the 1980s (pH 5.9) but lower than in the 1990s (pH 6.6). 
Aluminium concentration, especially the most toxic labile forms, was closely 
correlated with pH (Fig. 3.9c). Discharge was relatively low and constant, and spates 
were uncommon (Fig. 3.10). Flow was exceptionally low for a protracted period in 
the summer of 1995, and to a lesser extent, in 1992. 
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Discussion 
Measuring persistence. The measurement, and therefore interpretation, of 
community change within Broadstone depended upon the analysis used. In essence, 
there was a trade-off between the ease of interpretation and the sensitivity of the 
different methods. At the two extremes, univariate techniques were easier to apply 
than multivariate techniques, but masked more subtle patterns within the data 
(Warren & Clarke, 1991). Because the similarity indices used only presence/absence 
data, they were relatively insensitive and gave high estimates of persistence, 
particularly with Sorenson's Index, which places greater emphasis upon species 
common to both samples than does Jaccard's (Edmonds-Brown, 1995). The reduced 
within-decade similarity in the 1980s, when compared with the other decades, may 
have been an artefact of lower replication within sampling occasions, and hence less 
likelihood of finding rarer taxa. Presence/absence indices are inherently susceptible 
to sampling effort, whereas the other analyses employed here are more robust: 
clearer patterns in persistence were obtained from the ranked proportions of species 
occurrence across samples (Fig. 3.1b). This curve suggested that pH had a strong 
influence upon community structure, with independently-derived (from Hdmdldinen 
& Huttunen, 1996) pH optima increasing with species rarity. The 'core' community 
within Broadstone, contained eight taxa that were found on all sampling occasions; 
among these were the most acid-tolerant members of the community. The k- 
dominance curves revealed temporal shifts in community structure, and suggested 
that the biota had become less 'stressed' in the 1990s when acidity was lowest, 
especially in the summer. ANOVA and multivariate analysis, provided more 
detailed insight into the shifts in community structure and, again, suggested that they 
were related to changes in acidity. 
Community persistence and responses to acidity. Previous studies within the 
Ashdown Forest (Townsend et al., 1987; Edmonds-Brown, 1995) have found that the 
persistence of stream communities increased with decreased water temperature, pH, 
and distance from source. Gjerlov (1997), however, found much 
lower persistence 
across these sites when they were resampled in 1994, although the same trends were 
still apparent. Broadstone Stream, being a cool, acidic 
headwater, was one of the 
most persistent communities in Gjerlov's study (1997). The changes 
in community 
composition of the streams in 1994 appeared to reflect changes 
in water chemistry 
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(Gjerlov, 1997); species that were previously scarce in the more acidic sites had 
increased in abundance. 
Because acidity may affect the biota in diverse ways (e. g. mean pH, acid 
pulses, minimum pH, or acid events at susceptible periods of the life cycle), pH can 
be a poor predictor of biological changes (Hdmdldinen & Huttunen, 1996; Lancaster 
et al., 1996). However, the current study suggested that within Broadstone 
individual populations, and the community as a whole, had responded to changes in 
pH. Although it is conceivable that these changes were responses to aluminium 
concentration, which covaries with pH, rather than to acidity per se, because species 
adapted to low pH will also be likely to be adapted to high aluminium 
concentrations, attempts to separate these covariables are probably ecologically 
meaningless. The importance of pH upon community structure and persistence is 
supported by numerous studies (Bunn et al., 1986; Ormerod & Edwards, 1987; Wade 
et al., 1989; Rundle & Hildrew, 1990; Rutt et al., 1990), which have demonstrated 
the overwhelming influence of acidity, due to direct toxicity and/or indirect 
biological effects (e. g. Havas & Hutchinson, 1983; Hildrew et al., 1984). There is 
some evidence that acidification has ameliorated recently at other sites in the U. K, 
although it appears to have intensified in some areas (Lancaster et al., 1996). Within 
the Ashdown Forest, brown trout (Salmo trutta) and mayflies, both indicators of 
reduced acidity, have increased in abundance in recent years at Old Lodge, an acid 
stream neighbouring Broadstone (UKAWMN, unpublished). 
Although the RDAs constrained the ordination using time as a linear trend, 
time was effectively a surrogate for pH. In the unconstrained PCA, pH had a 
stronger effect upon the community than time as a linear trend, but because data were 
not available for all sampling occasions, pH was not used as a constraining variable. 
The significance of the linear trend, rather than the amount of variation explained by 
it, was of prime importance (Lancaster et al., 1996). The Broadstone benthos 
appeared relatively stable, insofar as turnover was limited and persistence high, but 
community structure has clearly shifted in a directional manner towards a more acid- 
sensitive fauna since the 1970s. Although a linear response may represent the rising 
or falling limb of a longer cyclical ecological pattern, rather than a response to 
extrinsic variables, this possibility seems unlikely because the time-series spanned 
more than twenty generations for most taxa. However, it is possible that extrinsic 
variables may themselves cycle. Other envirom-nental variables, besides pH, 
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undoubtedly influenced community composition. For example, climate may have had 
effects upon the community that are independent of its interaction with pH 
(described later). Microhabitat availability may have shifted over time (Rutt et al., 
1989), and adult dispersal and colonisation from other areas may have caused time 
lags between environmental change and species responses (Rundle et al., 1995). In 
addition, complex trophic interactions within the food web may have had 
'unpredictable' consequences (e. g. Holt & Lawton, 1994; Schmitz, 1997), reducing 
the deterministic influence of acidity upon community composition. 
Although there was little change in species richness, the complexity of the 
food web increased in the 1990s (Chapter 7). This should lead to decreased stability, 
according to traditional food web theory (e. g. May, 1972; Pimm, 1982). We might 
therefore expect to see greater fluctuations in community structure in the 1990s than 
in the 1980s or 1970s. Indeed, the increased spread of sample scores within decades 
since the 1970s suggested lower persistence. When individual populations are 
considered, however, a paradox emerges in that the damping of prey and (many) 
predators within decades has increased over time (i. e. persistence appears to be 
higher). Because the community had become more evenly- structured since the 
1970s, as shown by the k-dominance curves, on average each taxon would have a 
greater effect Upon the ordinations in the 1980s and 1990s, and this may have 
increased the dispersion of sample scores. 
Shifts in the tro hic structure of the community. The increase in predators since the 
1970s may have reduced the enemy-free space available to prey and, consequently, 
increased the strength of apparent competition among prey (Holt, 1977; Jeffries & 
Lawton, 1984; Holt & Lawton, 1994). Since the 1970s both the ratio of predators to 
prey and the size-range of predators have increased. In addition, the predator guild 
has also become more evenly structured, being less dominated by a few taxa, and the 
range of feeding modes and habitat use has broadened. These shifts within the 
predator guild may account for the greater damping of prey seen in the 1990s, and 
suggest that biotic interactions influenced community structure, possibly as an 
indirect effect of pH. 
The dominant basal resource, detritus, is superabundant within Broadstone 
(Dobson & Hildrew, 1992), but of limited food quality because of restricted 
microbial conditioning (Groom & Hildrew, 1989). However, the quality of 
detritus 
75 
and the consequent growth rate of detritivores, increases with pH (Groom & 
Hildrew, 1989). If food quality limits secondary production at the base of the food 
web, it is possible that the lengthening of food chains since the 1970s is the result of 
the effect of pH upon energy transfer upwards through the food web. Cordulegaster 
boltonii feed at well below their potential rate of consumption, especially among the 
larger individuals at the top of the food web (Chapter 4), suggesting that they are 
food-limited. For the other predator taxa within Broadstone that have been studied in 
detail, the guts of many individuals are empty, or virtually so, for most of the year 
(e. g. Hildrew et al., 1985; Lancaster & Robertson, 1995; Chapter 6), again 
suggesting food-limitation. 
The invasion of a new top predator. The invasion of C boltonii occurred during the 
exceptionally long, hot, dry summer of 1995. Such conditions tend to increase both 
individual adult survival and the length of the population's flight period (e. g. 
Ferreras-Romero & Corbet, 1995). Adult C. boltonii were observed as late as 
November in 1995 (pers. obs. ), two months outside the normal flight period 
(Hammond, 1985), supporting this link between adults and climate. The reduced 
recruitment in 1996-1998 may have been due to somewhat colder and wetter 
summers, which reduce the potential for oviposition and also increase exposure of 
the eggs and early instars to acid pulses. In addition, because small C. boltonii were 
preyed upon selectively by larger conspecifics (Chapter 4), but little else, a 
cannibalistic limit cycle with a three-year periodicity (i. e. between invasion and 
emergence), may have reduced the abundance of small nymphs following the 
invasion. Cannibalism among dragonflies can exert strong density-dependent 
regulation of populations, particularly at oviposition sites (Van Buskirk, 1989,1992; 
Anholt, 1994). 
Cordulegaster boltonii is an indicator species of moderate, as opposed to 
profound acidity, having an estimated pH optimum of 5.4 (Rundle et al. 1995; 
Hdrnaldinen & Huttunen, 1996). The large invertebrate predators typical of acid 
waters appear to be excluded from circumneutral habitats by biological interactions, 
particularly fish predation, rather than by physiological constraints (Lancaster, 1988; 
Schofield et al., 1988). Because at pH > 5.4, fish populations become viable, C. 
boltonii's abundance above this estimated 'optimum' pH may be restricted by fish 
predation. In Broadstone, however, fish colonisation during periods of low acidity is 
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prevented by a waterfall. This may result in ecological release of C boltonii and 
could account for the unusually high density in Broadstone, which was several times 
greater than in other streams that contain more prey, but also fish (cf Chovet, 1976; 
Prodon, 1976). 
Reach-scale spatial patterns. Within Broadstone, changes in the spatial structure of 
the large predator guild, both among and within species. Like the temporal trends, 
these spatial patterns reflected a gradient of pH (Fig. 3.7). The progressive change in 
the ratio of C boltonii to P. conspersa abundance suggested that a negative 
interaction, mediated by acidity, existed between these predators. Because P. 
conspersa is not excluded from less acid habitats by physiological constraints 
(Lancaster, 1988), its reduced abundance downstream may reflect both competition 
with, and predation by, C. boltonii. Field experiments have demonstrated that C. 
boltonii depresses the abundance of P. conspersa (Chapter 5). The similar 
distribution patterns among these predators in space (reaches) and time (decades) 
support the suggestions that temporal and spatial scales are autocorrelated (Frissell et 
al., 1986; Ward, 1989; Salo, 1990; Hildrew & Giller, 1992), and that at large scales 
physical processes (i. e. acidity) play an increasingly important role in community 
structure (Wiens, 1989). 
The interaction between acidity and climate. Because acid inputs to Broadstone are 
largely attributed to catchment-derived run-off, acidity will be lower during long, dry 
summers. Acidity is further reduced during low flows by proportionately higher 
inputs of well-buffered groundwater (Jenkins et al., 1990). Additionally,, low flows 
and high temperatures increase anoxia, which favours nitrate and sulphate reduction, 
and may further ameliorate acidity (Hildrew & Ormerod, 1995). During the summer 
of 1995 flow was extremely low and spates (i. e. acid pulses) were virtually absent in 
Broadstone. Other notably hot and dry summers in recent years were 1989 and 1992 
(see Fig. 3.9 for 1992 discharge), although conditions were not as extreme as 1995. 
The three-year life-cycle of C boltonii within Broadstone dovetails with the cycle of 
these unusual summers. The large C boltonii recorded in Broadstone in 1991-92 
(see Lancaster & Robertson, 1995) may have been the remnants of an earlier, 
weaker, invasion in 1989. The abundance of adults and the presence of final instars 
in 1995 suggested that these C boltonii were derived from eggs laid in 1992, that 
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were themselves derived from the 1989 cohort. Thus the 'invasion' during 1995, 
although apparently the strongest, may not have been the first (i. e. it may be better 
described as an irruption), and suggests that the availability of local sources of adults 
can have important consequences for community structure (Rundle et al., 1995). 
Because acidity is often most toxic in the early phases of an animal's life- 
Cycle (e. g. Gorham & Vodopich, 1992), reduced acidity during the summer 
recruitment period may enable 'acid-sensitive' species to pass through their 
vulnerable life-stages before pH falls again. Conceivably, hot and dry summers, by 
mitigating the effects of acidity upon the early life-stages and enhancing adult 
survival and oviposition, could provide a window through which an otherwise hostile 
envirom, nent can be invaded. Although at face-value the shifts in community 
structure within Broadstone suggest a response to recent reductions in anthropogenic 
acid emissions (Hildrew & Ormerod, 1995), the underlying community responses 
may be more dependent upon the seasonal interaction between climate and acidity, 
than upon the total amount of acid deposition. 
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Chapter 4 
Differential vulnerability within a prey assemblage to a 
new top predator - field surveys and laboratory 
experiments. 
Introduction 
A new top predator, the nymph of the dragonfly Cordulegaster boltonii 
(Donovan), has recently invaded Broadstone Stream, an acid headwater in south-east 
England (see Hildrew & Townsend, 1976 for a detailed site description). The 
benthic community of Broadstone has been studied intensively since the early 1970s 
(see Hildrew & Townsend, 1976,1980,1984; Townsend & Hildrew, 1976,1980; 
Winterbottom et al., 1997), and the food web is one of the most detailed yet 
published (Lancaster & Robertson, 1995). Generalist and omnivorous predators are 
abundant, and detritivorous chironomids and stoneflies form their principal prey 
(Townsend & Hildrew, 1979; Hildrew & Townsend, 1982; Hildrew et al., 1985). 
Descriptive and experimental evidence suggests strong top-down control of prey 
within Broadstone, although the strength of predation varies with predator and prey 
species, and environmental conditions (Hildrew & Townsend, 1982; Lancaster, 
1996; Lancaster et al., 1991). However, recent models suggest that predation may 
have little effect upon prey populations over longer, intergenerational, scales within 
Broadstone (Spiers et al., in press). In this chapter, the potential and realised impacts 
of the invader upon the established community are assessed. 
Predation can exert a powerful influence upon prey populations and, 
ultimately, upon community structure (e. g. Gilinksy, 1984; Hildrew et al., 1984; 
Morin, 1984; Blaustein, 1998). An invasion by a predator that feeds selectively can 
alter food web structure and dynamics, by creating new feeding paths and shifting 
the distribution of interaction strengths. Such effects may be particularly marked if 
the invader is a top predator (McPeek, 1998). Because C. boltonii was known to be a 
generalist predator (Chovet, 1976), and it was invading Broadstone at the top of the 
food web, it was able to forge a large number of new feeding links within the web. A 
primary objective of this research was, therefore, to assess if, and how, vulnerability 
to the invading predator varied among prey. The intensity of predation is a function 
of encounter and attack rates, the efficiency of capture and handling of prey, and the 
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rate of consumption, any of which may be a rate-limiting step (Sih, 1993). By 
resolving predator-prey interactions into these separate components, and assessing 
their relative importance, insight can be gained into the impact of predation upon 
prey populations and communities. This study aimed to estimate the proportion of 
the potential predation rate that was realised within Broadstone and to identify any 
rate-limiting steps. 
Encounter rate is determined by the degree of spatial and temporal separation 
of the potential protagonists. The presence of refugia reduces encounter rate, and can 
prevent predators from driving their prey to extinction, thus stabilising the interaction 
(Hildrew & Townsend, 1982). Refugia may be spatial, temporal, or a combination of 
the two (Begon et al., 1990). They may also be scale-dependent; for example, prey 
may occupy microhabitats that are inaccessible to predators, even though habitat 
overlap may be complete. Conversely, predators and prey may occupy similar 
microhabitats, but different habitats. Temporal separation of predators and prey may 
result from differences in life-history, diel activity and mobility (e. g. Johansson, 
1993a). In streams, mobility may be passive (i. e. invertebrate drift) or active, and the 
relative importance of each type varies among species and environmental conditions 
(e. g. Winterbottom et al., 1997). Spates increase drift and concentrate prey and 
predators in flow refugia, leading to 'crunches' of intensified predation (Lancaster, 
1996). This may result in stronger predation of passively mobile taxa in winter, 
when spates are more frequent. Actively mobile prey may be more vulnerable in 
summer, due to higher water temperature. Encounters with drifting prey may also 
have a diel cycle, because drift typically peaks at night (Williams & Feltmate, 1992; 
Forrester, 1994). 
The efficiency of prey capture is affected by prey and predator perception, 
prey avoidance responses and habitat complexity (e. g. Brusven & Rose, 1981; 
Williams et al., 1993). Diel periodicity in predation may reflect shifts in the relative 
importance of visual, compared with tactile, detection of prey, which varies both 
among and within predator species (Corbet, 1980; Johansson, 1993). 
Many factors constrain the handling of prey, but arguably the relative sizes of 
the protagonists is of primary importance (e. g. Thompson, 1978b; Micheli, 1995; 
Sempeski & Gaudin, 1996). Mechanical constraints may restrict predators to a 
subset of the size-range of prey that are potentially available. Among dragonflies, 
the maximum size of prey is limited by the dimensions of the labial mask (Askew, 
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1988). Because large instars can also use the labial palps to handle very small prey, 
however, the diet often expands over the course of ontogeny (Corbet, 1980). When 
fed ad libitum, predation by dragonflies is limited by the rate of gut clearance (Begon 
et al., 1990), which is in turn dependent upon the size of the predator and prey and 
the ambient temperature (Corbet, 1980). 
Potentially, the rate of predation can be limited at any step between prey 
encounter and gut clearance. If gut clearance rate is the limiting step (i. e. predators 
are satiated), increased prey availability will not affect predation rate. If predation is 
limited the initially by encounter rate, however, increased prey density will lead to 
increased consumption. Clearly, the position of the rate-limiting step has profound 
implications for prey populations. Survey techniques were used to assess prey 
vulnerability to C boltonii by characterising ontogenetic shifts, seasonality and 
selectivity in the diet of the invader. Laboratory experiments were then used to 
identify those factors influencing the four major steps affecting the rate of predation 
(encounter, capture efficiency, handling time, gut clearance), and the position of the 
rate-limiting step, for C boltonii. The principal objectives were: 
1. To assess prey vulnerability 
1.1. to quantify ontogenetic and seasonal shifts in the diet of C boltonfl. 
1.2. to detennine if C boltonii fed selectively, and whether prey traits (e. g. 
habitat use, microhabitat use, mobility, size) affected vulnerability to C 
boltonii. 
2. To assess the factors affecting predation rate 
2.1. to examine the effect of encounter rate in time (e. g. prey mobility) and space 
(e. g. refugium availability) upon predation rate. 
2.2. to determine the relative importance of encounter rate, capture efficiency, 
handling time, and gut clearance rate upon potential predation rate, and to 
identify the rate-limiting step. 
2.3. to relate the experimental results to field data, to compare the potential and 
realised strength of predation under natural conditions. 
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Methods 
A combination of survey and experimental techniques were used to determine 
what factors affected the vulnerability of prey to Cordulegaster boltonfl, and how 
predation rate may be constrained in the field. The survey and experimental 
methods, described below, are summarised in a flow diagram (Fig. 4.1) that depicts 
which technique and experiment was used to measure each step of the predator-prey 
interaction. 
Surveys 
The entire acidified length of Broadstone Stream (780m) was surveyed in 
October 1995. This was followed by repeated bimonthly sampling within a 200m 
subset from April 1996 to April 1997, with additional samples in May and June 
1996. Surber samples (sample-unit area 0.0625m 2; mesh aperture 330gm) were 
taken to quantify benthic density (n = 150 in October 1995; n= 30 for all other 
sampling occasions). The substratum was sampled to a depth of 5cm, the vertical 
extent of the hyporheos within Broadstone (Rundle, 1988), and each sample-unit was 
preserved immediately in 5% formalin. 
Samples were sorted in the laboratory, and C boltonii nymphs were removed 
for gut contents analysis. Prey collected in the Surber samples were identified to 
species where possible, and linear dimensions (head capsule width, body length, or 
maximum body width) of each individual were measured and used to estimate 
biomass from length weight regressions (Chapter 6, Table 6.1). All CPOM (mainly 
leaf fragments and woody detritus) was removed from each sample-unit and dried to 
constant weight at 60'C. Each sample-unit was classified as one of three flow 
habitats (pool, glide, riffle) when taken. Sampling is described in greater detail in 
Chapter 3. 
In addition to the Surber samples, qualitative kick samples were taken to 
supplement the sample of larger C boltonii nymphs (instars 7-14) for gut contents 
analysis. At least thirty nymphs were collected on each of six sampling occasions 
(October 1995, May, August, October and December 1996, and February 1997). 
These nymphs were taken from outside the 200m survey stretch, to avoid depletion 
of the survey population. The foregut was removed by dissection, mounted in 
polyvinyl lactophenol or euparal, and examined at 250X magnification. Since prey 
were ingested whole, or in large fragments, the remains of most taxa could be 
identified to species relatively easily. 
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Figure 4.1. Flow chart summarising the techniques used to examine component 
steps of the predator-prey interaction. Survey techniques (S) or Experiments (1-8) 
used to investigate a given factor are indicated in parentheses. 
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Laboratory experiments 
Laboratory experiments were used to examine the effect of prey mobility 
(influencing encounters in time) and habitat complexity (influencing encounters in 
space) upon predation by C boltonii. Prey mobility was compared between species, 
and within species under different temperature and lighting regimes. The effects of 
capture efficiency, handling time and gut limitation upon predation rate were also 
measured. The results of the laboratory experiments were then compared with 
surveys of benthic density and C boltonii gut contents, to identify how predation rate 
may be limited in the field. 
Prey species 
Two common detritivorous stoneflies, Nemurella pictetii Klapalek and 
Leuctra nigra (Olivier), and a previous top predator, the caddis Plectrocnemia 
conspersa (Curtis), were used as prey. Nemurella pictefli and P. conspersa are 
mobile and epibenthic, whereas L. nigra is relatively sedentary and lives mostly in 
interstices (Winterbottom et al., 1997). Leuctra nigra is generally the dominant 
member of the Broadstone assemblage, in terms of both abundance and biomass; 
Nemurella pictetii is about one order of magnitude less abundant than L. nigra. 
Large N. pictefli (head capsule width 0.8-1.2mm) and L. nigra (head capsule width 
0.9-I. Imm) and final instar P. conspersa (head capsule width 1.85 - 2.70mm) were 
used as the prey in the experiments. 
Experimental environment - aquaria 
Experiments were carried out in small plastic aquaria (20cm long x 12cm 
wide x 13.5em deep). A single final instar C boltonii (head-capsule-width 7.4 - 
9.2mm) was used per aquarium, unless otherwise stated. This density reflected the 
upper ambient range for this instar (32 nymphs M-2). Predators and prey were 
collected from Broadstone. Prey densities used in the aquaria were comparable with 
densities within the stream (see below): 
Prey species 
N. pictetii 
L. nigra 
P. conspersa 
Prey density in aquaria 
AquariUM-1 Equivalent m 
5-50 208 - 2ý083 
5 -20 208 -833 
1-4 42-167 
Prey density in Broadstone 
Mean m -7- (± I SE) Range m 
126(7.9) 0-928 
828(57.7) 0-8,816 
60(3.2) 0-400 
All C boltonii were starved for five days at I O'C prior to each experiment. 
Death from causes other than predation, estimated from control cages without 
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predators, accounted for less than 2% of prey mortality. To compare predation 
across prey densities, prey survival was calculated using: 
I 
arcsin 
X+3 
n+ 
(Zar, 1996) 
Where X is the number of prey surviving at the end of the trial, and n is the 
number of initial prey. Prey survival of 100%, 50% and 0% corresponds to values of 
p' of 1.38,0.79 and 0.19, respectively, using this transformation. Because it was 
better at stabilising variances at the extremes of the distribution, this transformation 
was used as an alternative to arcsin Vp . 
Natural substratum (mixed gravel) and stream water were collected from 
Broadstone and added to each aquarium to a total depth of 5cm and I Ocm, 
respectively. To simulate the stratified structure of the natural benthos, larger stones 
were positioned at the sediment surface. To retain the epilithic biofilm, which is 
grazed by the stonefly prey (Ledger, 1997), the gravel was not permitted to dry out. 
Although there was no flow within the aquaria, such conditions were typical of much 
of Broadstone, which is characterised by an abundance of stagnant areas (Lancaster 
& Hildrew, 1993a & b). Lighting was 12h dim light (3.6 ý, Mol M-2 s-1 (PAR))/12h 
dark. Light intensity at the channel surface of Broadstone, which is heavily shaded, 
ranged from 0.34 ýtrnol M-2 s-1 (PAR) at dawn/dusk to 33.4-82[tmol M-2 S-1 (PAR) at 
12pm. Water temperature was controlled at I O'C, unless otherwise stated. 
Experimental environment - circular arenas 
Due to difficulties in observing prey directly in the larger aquaria, smaller 
circular arenas (diameter, 10cm; substratum depth, 2cm; water depth, 5cm) were 
used to measure prey mobility. A single animal was placed in each arena and, after 
an acclimation period of one hour, its position was recorded at five-minute intervals, 
for one hour. The mean linear distance travelled between intervals was calculated 
for the duration of each trial. Trials were replicated fifteen times. 
Aquaria experiments. 
Experiments 1-5-- The effects of encounter rate in time (prey mobility) and space 
(refugium availability). 
Experiment I: The effect of temperature upon predation andprey mobility. 
Predation on N. pictefli by C boltonii over 24h was compared at 5'C, 10'C and 
15'C in aquaria with the mixed gravel substrata. Four prey densities (5,10,15 and 
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20 per aquarium) were used, with ten replicates per density, per temperature. Prey 
mobility was independently measured in the circular arenas at each temperature, 
using a mixed gravel substratum. 
Experiment 2 .- The 
functional response of C. boltonii. 
The 24h functional response of C. boltonii was measured using N. pictetii as 
prey, in aquaria at ten prey densities (in intervals of five, from 5 to 50 per aquarium) 
in the mixed gravel substrata at IO'C. The results of predation upon N. pictetii at 
I O'C in Experiment 1 were used for densities of :! ý20 prey per aquarium. Additional, 
single trials (i. e. n=I per prey density) were used for densities of ý! 25 prey. The 
trials at the six high densities were not replicated because of difficulties in finding 
sufficient numbers of prey. 
Experiment 3: The effect of diel activity upon predation. 
Predation on N. pictetii (10 per aquarium) over 12h by C boltonii was compared 
in aquaria under light and dark conditions at I O'C using the mixed gravel 
substratum. Final instar (F-0; n= 20) and antepenultimate instar (F-2; n= 10) C 
boltonii were used to compare the effect of visual acuity of the predator upon 
predation. Because final instars have much better developed eyes than earlier instars, 
it was expected that they would have a relatively greater impact upon prey in the 
light than their smaller conspecifics, which rely more heavily upon tactile stimuli 
(Corbet, 1999). Different predators and prey were used for each trial; i. e. light and 
dark treatments were independent, and did not use the same individuals. Prey 
mobility was independently measured in the circular arenas using the mixed gravel 
substratum, in the light and dark. Red light was used to observe prey in the 'dark'. 
Experiment 4: Differential vulnerability of two stonefly species. 
Predation on N. pictetii and L. nigra by C boltonii over 24h in aquaria was 
compared in the mixed gravel substratum at I O'C. Four prey densities (5,10,15 and 
20 individuals) were used for each prey species. The results from Experiment I at 
10'C were used for N. pictetii. Prey mobility was independently measured in the 
circular arenas but because it was difficult to observe L. nigra in the mixed gravel 
used in the aquaria fine gravel was used as an alternative substratum for both prey 
species. 
Experiment 5. - The effect ofsubstratum complexity upon predation. 
Predation on P. conspersa (prey density: 1,2,3,4) and N. pictetii (prey density: 
5,10,15,20) in aquaria with a 'complex' substratum (mixed gravel) was compared 
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with predation in an 'homogenous' substratum (fine gravel). The fine gravel was 
obtained by sieving samples of mixed gravel. Granulometric characteristics of the 
two substrata are shown in Fig. 4.2. The results from Experiment I at IO'C were 
used to estimate survival of N. pictetii on mixed gravel. Ten replicates were used per 
prey density, except for P. conspersa in mixed gravel, where twenty replicates were 
used, due to greater variability. 
Experiments 6-8. The effects of capture efficiency, handling time and gut limitation. 
Experiment 6: Capture efficiency. 
To estimate the efficiency of prey capture a single final instar C. boltonii was 
added to aquaria containing ten N. pictetii, and observed until a labial strike was 
made. A strike was recorded as successful if it resulted in prey ingestion. A 
minimum of twenty replicates (i. e. observed strikes) were obtained, using different 
individuals of both predator and prey species. Capture efficiency was measured in 
complex substrata in the light at 5*C, 10'C and IPC (i. e. corresponding to the 
conditions of Experiment 1), in the dark at lO'C (i. e. as in Experiment 3), and in 
simple substrata at I O'C (i. e. as in Experiment 5). 
Experiment 7: Handling time. 
The time from capture to total ingestion of prey was measured for C boltonii that 
were fed, by hand, with a single N. pictetii, at 5'C, 10'C and 150C in the circular 
arenas that were used to estimate prey mobility. In its strict sense handling time 
includes a refractory period following ingestion before the predator is ready for 
another prey (Corbet, 1999). However, this was negligible for C boltonii; subsequent 
attacks would typically be made almost immediately after ingestion (pers. obs. ). 
Twenty C boltonii nymphs over a range of instars were used at each temperature, to 
determine the relationship, if any, between predator size, temperature and handling 
time. 
Experiment 8: Gut clearance and maximal consumption rates. 
Consumption by C boltonii that were fed ad libitum with N. Pictetii was 
measured repeatedly at 24h intervals over seven days at 5'C, 10*C and IPC in the 
circular arenas previously used to measure handling time. Twelve Cboltonii, over a 
range of instars, were used per temperature, to examine the relationship between 
predator size, temperature, gut clearance rate and potential consumption. The 
predators were starved for five days prior to the experiment. Each predator was fed 
over the initial three hours of each 24h period, by hand, until feeding ceased. 
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Fig. 4.2. Granulometry of the 'complex' and 'simple ' experimental substrata. 
Data have been back-transformed to give % values. 
Substratum particle size distribution (mean ±SE, n=5, on arcsine 
transformed values) for the complex and simple substrata. 
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Because prey were consumed rapidly, feeding typically ceased within one hour, even 
for the largest nymphs. Following this, an additional ten prey were added to each 
enclosure, and left for the remainder of the 24h period. Predator and prey biomass 
were estimated from the length-weight regressions given below: 
Cboltonii: Log, 
0 
dry weight(mg) -0.20 + 2.8 5 (Log, 0 
head capsule width(mm)) 
N. pictetii : Loglo dry weight(ýtg) 2.71+ 3.13(Loglo head capsule width(mm)) 
Estimation of consumption in the field 
To compare potential predation with realised consumption in the stream the 
guts of field-collected nymphs that contained N. pictetii were examined and the 
biomass of prey consumed was calculated from length-weight regressions. These 
data were plotted against potential of consumption, as measured in Experiment 8. In 
addition, the total biomass of all prey taxa present in the guts of C boltonii 
(including empty guts), were also plotted. Although these comparisons of potential 
and realised consumption did not include an estimate of turnover rate of prey in the 
guts, the potential consumption estimates illustrated how many prey could be 
present, at any given time, in the guts of C boltonii. In addition, because the nymphs 
rapidly approached satiation when fed ad libitum (feeding ceased within less than 
one hour, even for the largest nymphs that ate over 40 N. pictetii), the prey consumed 
during this time were still retained in the foregut, as revealed from dissections (pers. 
obs. ). 
The potential rate of consumption of the three prey species used in the 
laboratory experiments was calculated for four months, using the common regression 
equation obtained from the three trials in Experiment 8 over the initial 24h. The 
initial 24h was used, rather than the 7d mean, because many Cboltonii had empty 
guts in the stream, as was the case at the start of Experiment 8. Potential 
consumption was estimated for the biomass of C boltonii recorded in each sample. 
In addition, potential consumption was estimated for final instar C boltonii only, 
assuming a density of I nymph M-2 . which approximated to the average 
density of 
this rarer size-class when all sampling occasions were pooled. Prey biomass M-2 was 
estimated by applying length-weight regressions (see Table 6.1, Chapter 6, for the 
equations) to measured body dimensions of animals collected in the Surber samples. 
Statistical analysis 
All statistical analysis (except cluster analysis, see below) was carried out 
using Minitab Release 11. Where possible, the results of analyses are summarised on 
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the appropriate Figure, for brevity. More detailed output of analyses are given in 
Appendix 3. To characterise ontogenetic shifts in the diet of field-collected C 
boltonii cluster analysis was performed using weighted pair group averages of 
Euclidean distances for the proportions of prey in the diet. SYSTAT was used to 
perform this analysis. Eight prey taxa were excluded from the analysis, due to their 
extreme rarity in the diet - Leuctra hippopus (Kempny), Tipulidae, Oligochaeta, 
Acari, Heterotanytarsus sp., Paraleptophlebia submarginata (Stephens), Simulium 
sp. and Adicella reducta (McLachlan). 
90 
Results 
Survey results: 
Breadth of diet andprey selection 
Cordulegaster boltonii preyed upon thirty-two taxa, over 80% of the 
community (Table 4.1). Despite this broad diet, however, four taxa (Cyclopoidea, 
Trissopelopia longimana, Nemurella pictetii and Plectrocnemia conspersa) generally 
accounted for about 80% of the prey ingested (Fig. 4.3). 
Seasonal and ontogenetic shifts in the diet 
The proportions of C boltonii with empty guts did not show any clear 
seasonal pattern, and nymphs fed throughout the year (Table 4.2). There were some 
seasonal shifts in the composition of the diet, which reflected prey availability; for 
example, the Cyclopoidea were most common in the diet, and in the benthos, in the 
autumn (Fig. 4.4). 
The diet of C. boltonii broadened with increased predator size (Fig. 4.5), as 
successively larger prey were added. Although many of the smaller taxa were 
retained throughout ontogeny, their relative contribution to the diet declined (Fig. 
4.3). The intraspecific size-range of prey included in the diet also increased with 
predator size (Fig. 4.6). Cluster analysis of C boltonii's diet revealed strong size- 
dependent shifts (Figs. 4.7a & b). Cordulegaster boltonii were grouped by size, with 
similar-sized instars being clustered together (Fig. 4.7a). Instars 8-14 were strongly 
separated from the smaller nymphs, reflecting the marked decline in microcrustacea 
within the diet of large C boltonii. The prey species within the diet were also 
grouped according to their size (Fig. 4.7b). Among the prey, large predators 
(including other C boltonii) were strongly separated from the meiofauna. Within the 
cluster of intermediate-sized prey, the large stoneflies and large chironomids were 
separated from the smaller taxa. The relative size of the predator and prey appeared 
to account for most of the ontogenetic shifts in the diet. 
Prey traits and vulnerability to predation 
Cordulegaster boltonii favoured mobile prey, such as N. pictetii and P. 
conspersa, compared with more sedentary species, such as L. nigra (Fig. 4.3). 
Microhabitat use affected prey vulnerability: epibenthic taxa (P. conspersa, N. 
pictetii and Cyclopoidea) were favoured over interstitial taxa (L. nigra, 
Ceratopogonidae, Oligochaeta) (Fig. 4-3). Many prey species were most abundant in 
slow-flowing habitats (Fig. 4.8). The abundance of many taxa 
increased with CPOM 
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Table 4.1. The Broadstone Stream assemblage. Taxa recorded in the guts of 
Cordulegaster boltonii are indicated by v. 
Trophic level Taxon 
Primary consumers Pisidium spp. (Bivalvia) 
Simulium spp, (Simuliidae) IV/ 
Niphargus aquilex (Gammaridae) 
Diacyclops spp. (Cyclopoidea) 
Paracyclopsfimbriatus (Cyclopoidea) v/ 
Eucyclops serrulatus (Cyclopoidea) 
Acanthocyclops robustus (Cyclopoidea) 
microcrustacea Bryocamptus spp. (Harpacticoida) 
Attheyella cassa (Harpacticoida) 
Moraria brevipes (Harpacticoida) 
Alona quadrangularis (Cladocera) 
Alona rustica (Cladocera) V/ 
Ostracoda -v/ 
Other meiofauna V/ 
Asellus meridianus (Isopoda) Iw/ 
Heterotanytarsus sp. (Chironomidae) V/ 
Heterotrissocladius marcidus (Chironomidae) V/ 
Brillia modesta (Chironomidae) 
Polypedilum albicornis (Chironomidae) V/ 
Prodiamesa olivacea (Chironomidae) V 
Micropsectra bidentata (Chironomidae) 
Paraleptophlebia submarginata (Ephemeroptera) 
Leuctra nigra (Plecoptera) 
Leuctra hippopus (Plecoptera) V/ 
Nemurellapictefli (Plecoptera) V/ 
Adicella reducta (Trichoptera) 
Potamophylax cingulatus (Trichoptera) V/ 
Helodidae sp. (Coleoptera) 
Oligochaeta V/ 
Tipulidae V1, 
Small predators Macropelopia goetghebueri (Tanypodinae) I/ 
Trissopelopia longimana (Tanypodinae) 
Zavrelimyia barbatipes (Tanypodinae) V/ 
Bezzia sp. (Ceratopogonidae) I/ 
Large predators Platambus maculatus (Coleoptera) IV" 
Plectrocnemia conspersa (Trichoptera) -w/ 
Sialisfuliginosa (Megaloptera) -w/ 
Pedicia (Tipulidae) 
Cordulegaster boltonii (Anisoptera) I/ 
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Figure 4.3. Diet of the fourteen nymphal instars of Cordulegaster boltonii. The 
area of each bubble is proportional to the %, by number, of prey items accounted 
for by each prey taxon within a given instar of C boltonii. Data are pooled over 
six sampling occasions (n= 481 nymphs). 
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Table 4.2: Percentage of C boltonii nymphs with empty guts. 
Month Size-class % of C boltonii with empty guts n 
F-0 - F-2 25.0 12 
October 1995 Instars 8- 11 28.5 21 
Instars 1-7 38.9 149 
F-0 - F-2 17.2 29 
May 1996 Instars 8-11 38.1 21 
Instars 1-7 33.3 21 
F-0 - F-2 47.6 21 
August 1996 Instars 8-11 30.8 39 
Instars 1-7 46.2 13 
F-0 - F-2 33.3 24 
October 1996 Instars 8-11 33.3 9 
Instars 1-7 44.4 18 
F-0 - F-2 53.3 15 
December 1996 Instars 8-11 38.1 21 
Instars 1-7 52.9 17 
F-0 - F-2 25.0 12 
February 1997 Instars 8-11 23.8 21 
Instars 1-7 52.9 17 
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Figure 4.4. Proportions of prey abundance in the benthos and in the diet of three 
size-classes of Cordulegaster boltonii. 
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Figure 4.5. Numbers of prey taxa recorded in the 
boltonii against instar number of the predator (all 
sampling occasions; n= 481 nymphs). 
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Figure 4.6. Size of Nemurellapictefli found in the guts of 
field-collected Cordulegaster boltonii (n = 168) against predator size. 
Dashed line indicates maximum prey size. 
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Figures 4.7a & b. Dendrograms of the diet composition of the fourteen instars of 
Cordulegaster boltonii (see Fig. 4.3 for % composition of the diet of C boltonii). 
Data pooled over six sampling occasions (n = 481 nymphs). 
Cluster analysis used weighted pair group averages of Euclidean distances. 
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Figure 4.8. Density of benthic invertebrates under different surface flow regimes. 
February 1997. Bars= 1 SE. 
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density, which was highest in the more retentive habitats (Fig. 4.9). The lack of a 
clear response to these habitat variables by C boltonii resulted in reduced spatial 
overlap among the predator and several potential prey taxa. The taxa that showed the 
strongest positive responses to low-flow and high CPOM density, the non-predatory 
chironomids, were generally under-represented in the diet of C. boltonii (Fig. 4.3). 
The most favoured prey, N. picteffi, was among the few species that showed no clear 
response to either of these physical variables. 
The aggregative response of C boltonii to prey density varied in strength 
both among prey species and over time; for example, there were positive and 
negative responses to the Tanypodinae in May and February, respectively (Fig. 4.10). 
The strongest positive responses were seen for the most favoured prey species, N. 
pictetii, and for all species in May. 
Laboratory experiments 
Experiments 1-5: The effect of encounter rate in time (prey mobility) and space 
(refugium availability) 
Experiment 1: The effect of temperature upon predation andprey mobility. 
Survival of N. pictetii declined with increasing temperature, regardless of prey 
density. Over 50% of the initial prey were consumed per 24h. Prey mobility 
increased with temperature (Fig. 4.11). 
Experiment 2: Thefunctional response of C. boltonii. 
The number of prey eaten per 24h increased approximately linearly over all ten 
prey densities, even at an initial density of 50 nymphs aquarium-', more than sixteen 
times the mean and more than twice the maximum density recorded in the field (Fig. 
4.12). 
Experiment 3. - The effect of diel activity upon predation. 
Prey survival was lower during the 'day' than at 'night', when mobility was 
reduced (Fig. 4.13). Although the smaller C boltonii ate fewer prey, there was no 
significant interaction between predator size and lighting regime: the proportion of 
prey eaten during the 'day' was about twice that consumed at 'night'. 
Experiment 4. - Differential vulnerability of two stonefly species. 
Survival of N. pictetii was significantly lower than for L. nigra; about 90% of L. 
nigra survived, compared with less than 50% of N. pictetii, over 24h. Prey survival 
was density-independent for both species. Prey mobility was significantly higher for 
N. pictetii than for L. nigra (Fig. 4.14). 
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Figure 4.9. Density of benthic invertebrates against dry weight CPOM. 
February 1997. 
Regression lines with significance levels of P<0.05 have been fitted. 
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Figure 4.10. Aggregative response of Cordulegaster boltonii to a range of 
prey taxa within Broadstone Strearn. 
Due to a high proportion of zero counts for C boltonfl, prey biomass was 
ranked in ascending order, and the mean of each successive block of six 
values for prey biomass and the corresponding predator biomass were taken. 
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Figure 4.11. Survival of Nemurellapictefli at three temperatures in the presence 
of Cordulegaster boltonfl. Bars= ISE. 
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Figure 4.12. Functional response of final instar Cordulegaster boltonii at I O'C, 
using Nemurella pictetii as prey. 
Bars denote I SE, for initial prey densities of 5 -20; for densities >20, n =I.. 
Maximal predicted consumption per 24h. and ambient density (mean and 
range) of N. pictefli in Broadstone Stream are indicated on the graph. 
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Figure 4.13. Survival of Nemurella pictetii in the presence of two instars of C. 
boltonii during simulated 'day' and 'night'. Lower panel shows prey mobility. 
Bars = ISE. 
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Figure 4.14. a. Survival of Nemurella pictefli (solid circles) and Leuctra 
nigra (open circles) at I OIC in the presence of Cordulegaster boltonfl. 
b. Prey mobility on fine gravel substratum. 
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Experiment 5: The effect ofsubstratum complexity upon predation. 
Survival was significantly lower in simple compared with complex substrata, for 
both N. pictetii and P. conspersa (Fig. 4.15a & b). Survival of N. pictetii was 
independent of density, but P. conspersa survival showed a weakly significant 
decline (P = 0.077) with increasing density, possibly resulting from agonistic 
interference among individuals. There was no interaction between prey density and 
habitat complexity, for either species. Plectrocnemia conspersa was more vulnerable 
to predation than N. pictetii, even though initial densities were four times lower; over 
90% of the former, and about 70% of the latter species were eaten within 24h on the 
fine substratum,. 
Experiments 6-8. The effects of capture efficiency, handling time and gut limitation. 
Experiment 6: Capture efficiency. 
Prey capture was extremely rapid; the labial strike was completed in less than 1 s. 
Although capture efficiency appeared independent of light intensity and temperature, 
it was higher in simple, compared with complex, substrata (Table 4.3). 
Experiment 7: Handling time. 
Handling time decreased with predator size, but showed no significant response 
to temperature (Fig. 4.16). Final instars took about 30-40s to capture and consume a 
single large N. pictetii. 
Experiment 8: Gut clearance and maximal consumption rates. 
The biomass of prey needed to reach satiation increased with predator 
biomass (Fig. 4.17). Maximum consumption rates did not vary with temperature over 
the initial 24h, because C boltonii took more than 24h to clear their guts. However, 
consumption rate increased with temperature over 7d, reflecting faster gut clearance 
rates (Table 4.4). 
Estimation ofconsumption rate in thefield 
The potential rate of prey consumption measured in the laboratory was not 
achieved under field conditions, and the disparity between potential and realised 
consumption increased with predator size and, therefore, trophic status (Fig. 4.18). 
At certain times of the year C boltonii could potentially eat the entire population of 
certain prey species in a matter of days, if the predators maintained their maximal 
rate of consumption (Table 4.5). The percentage of the prey population that could be 
consumed per day was generally highest for N. pictetii and lowest for L. nigra. 
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Figure 4.15. Survival of a. Nemurellapictefli and b. Plectrocnemia 
conspersa in the presence of Cordulegaster boltonii in complex (solid 
circles) and simple (open circles) substrata. Bars = ISE. 
Ici 
Cd 7ý 
to 
0.5 
cd 
01 
a. N. pictetii 
Initial prey density (0.024m-2) 
Prey density: F-ratio = 0.21, n. s 
Substratum: F-ratio = 10.09, P <0.01 
Prey density x substratum: F-ratio = 0.26, n. s 
lai 
M 7: 1 
0 
0 5 . 
0 
b. P. conspersa 
Initial prey density (0.024m-2) 
Prey density: 
Substratum: 
Prey density x substratum: 
F-ratio = 2.46, ns 
F-ratio = 11.519 P <0.001 
F-ratio = 0.14, n. s 
108 
5 10 15 20 
1 
Table 4.3. Experiment 6 
x2 tests comparing the capture efficiency of labial strikes (success = prey ingested; 
fail - prey not ingested) by C boltonfl, with N. pictefli as prey. 
P<0.05 **5 P<0.01 ***, P<0.001 
Trial Treatment Success Fail Total 
Day v night Day 12(10.50) 8(9.50) 20 
Night 9(10.50) 11(9.50) 20 
d. f =Ix20.902 
P n. s 
Temperature 5 12(12.70) 8(7.30) 20 
10 12(12.70) 8(7.30) 20 
15 16(14.60) 7(8.40) 23 
d. f =2X20.750 
P n. s 
Substratum complexity Simple 22(18.89) 3(6.11) 25 
Complex 12(15.11) 8(4.89) 20 
d. f =I X2 3.135 
p 
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Figure 4.16. Handling time of Cordulegaster boltonii as a function of predator 
size, at three temperatures. Prey = one Nemurellapictefli (head-capsule-width 
Lomm). 
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Figure 4.17. Consumption by starved Cordulegaster boltonii when fed 
with Nemurella pictetii under ad libitum conditions, during the initial 24h 
(open circles) and mean daily consumption over 7 days (solid circles) days, 
at three temperatures. 
The mean biomass of prey eaten per predator during 24h in the aquaria 
experiments (crossed squares) at the equivalent temperature is also shown 
for an initial prey density of 10.3mg (= 20 nymphs) 0.02M-2). 
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Table 4.4. Experiment 8. 
a. Regression equations and goodness of fit statistics for (y) (prey biomass (dry 
weight mg)) and predator biomass (dry weight mg) (x) fo r Cordulegaster boltonii fed 
ad libitum with Nemurella pict etii over one day and mean over seven days. 
P<0.05 **9 P<0.01 ***5 P<0.001 
Day Temperature Regression equations r2 FP 
I 5'C y=0.172 + 0.066(x) 0.94 166.59 
II OOC y=1.00 + 0.069(x) 0.83 49.90 
I 150C y=0.73 + 0.072(x) 0.86 62.77 
7 5'C y -0.605 + 0.025(x) 0.92 120.41 
71 OOC y 0.636 + 0.020(x) 0.85 55.18 
7 150C y -0.049 + 0.024(x) 0.95 195.60 
b. ANCOVA comparing the regression lines in Table 4.4a, above. 
Day Temperature Factor Df FP 
All Temperature 
HCW 
2 1.35 n. s 
1 228.68 
7 All Temperature 2 6.10 
HCW 1 324.20 
5*C v JOOC Temperature 1 10.02 
HCW 1 160.88 
I OOC v 150C Temperature 1 1.38 n. s 
HCW 1 203.31 
5'C v 150C Temperature 1 5.47 
HCW 1 312.32 
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Figure 4.18. Biomass of prey present in the guts of Cordulegaster boltonii, 
against predator size. 
Open circles represent daily ingestion of N. pictetii by C boltonii fed ad 
libitum over 24h (data pooled over three temperatures). 
Solid circles represent biomass of N. pictetii recorded in guts of 
field-caught nymphs, excluding predators with empty guts (n = 168). 
Open triangles represent total biomass of all prey recorded in guts of 
field-caught nymphs, including predators with empty guts (n = 412). 
20,000 
-Ci 
u +-i 
10,000 
E 
-0 
tj) 
0 
Predator biomass (dry weight ýtg) 
otential consumption 
= 0.609 + 0.069(x) 
2=0.87, P <0.001 
Realised consumption 
of N. pictetii 
y=0.244 + 0.0071 (x) 
r2 = 0.21 9P <0.00 
I 
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Table 4.5. 
Predicted potential consumption and realised consumption by C boltonii of three 
prey species in Broadstone Stream. 
Key: 
1. Mean ambient benthic density (dry weight mg m -2 ); May 1996 - February 1997 
-2 2. Potential % biomass consumed 24h-1 (F-0 C boltonii at I nymph (= 230mg) M 
3. [Potential % biomass consumed 24h-1 (C boltonii population of sample)] 
4. [Realised % biomass present in guts of C boltonii population of sample] 
5. Realised %/ potential % consumption of C boltonii population of sample 
Plectrocnemia Nemurella pictetii Leuctra nigra C boltonn 
conspersa 
1 68.9 68.0 115.1 41.23 
2 28.8 28.4 16.8 
May 3 [5.0] [5.1] [3.0] 
4 [0.2] [1.6] [0.06] 
5 0.04 0.31 0.02 
1 93.6 10.43 47.12 13.1 
2 20.6 185.0 41.0 
Oct 3 [2.7] [24.2] [5.4] 
4 [0.21] [0.92] [0.03] 
5 0.08 0.04 0.006 
1 34.6 23.42 77.39 14.6 
2 47.5 70.1 21.2 
Dec 3 [6.91 [10.2] [3.1] 
4 [0.28] [0.57] [0.02] 
5 0.04 0.06 0.006 
1 39.2 36.6 110.3 37.7 
2 41.9 44.9 14.9 
Feb 3 [15.8] [16.9] [5.6] 
4 [0.13] [1.09] [0.14] 
0.008 0.06 0.03 
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Discussion 
Breadth of diet andprey selection. 
Although the invading predator, Cordulegaster boltonii, preyed upon 
virtually every member of the Broadstone Stream benthos, it was strongly selective 
for certain prey. The diet was initially determined by the relative sizes of the 
predator and prey; the proportions of large prey ingested increased with predator 
size, both within and among prey species. Because smaller prey were generally 
retained throughout ontogeny, the size-range of prey included in the diet expanded. 
Within the size spectrum of potential prey, mobile epibenthic species were most 
strongly favoured, reflecting a high encounter rate in both time and space. 
Encounter rate., temporalfactors. 
Cordulegaster boltonii fed all year round within Broadstone. Because the 
majority of species can be found in most stages of development throughout the year 
in Broadstone (Lancaster & Robertson, 1995), temporal separation of predators and 
prey was limited at this scale. Nevertheless, there were some quantitative shifts in 
the diet, reflecting changes in prey availability. For example, the Cyclopoidea 
dominated the diet of the smaller C. boltonii in autumn, when prey density was high, 
but their representation in the diet fell progressively over the winter and spring, as 
abundance declined (see Rundle, 1988 for seasonality of Cyclopoidea). On a shorter 
temporal scale, there were strong diel shifts in predation by C. boltonii, reflecting 
periodicity in prey activity. 
Encounter rate with sit-and-wait predators is driven by the mobility of the 
prey, not the predator. Once encountered, active prey generally present a stronger 
stimulus to predators than slow-moving prey (Sih, 1993), and the labial mask of 
dragonflies is very effective at capturing fast-moving prey (Corbet, 1980). These 
factors undoubtedly accounted for the strong negative relationship between prey 
mobility and predation by C boltonii. However, the type of mobility was important; 
C boltonii had strong preferences for actively mobile prey, rather than prey whose 
mobility is driven by flow. Drifting prey will encounter C boltonii only when 
returning to the substratum, whereas crawling prey will be vulnerable for more of the 
time. Because their mobility increased with light intensity and temperature, we 
might predict that the vulnerability of N. pictetii to C boltonii would be greatest 
during the day, and in the summer, when temperature is high and daylength long. 
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Evidence from field experiments suggests that predator impact is indeed stronger in 
summer than in the winter (Chapter 5). 
Encounter rate: spatialfactors. 
The constant redistribution of the benthos (Townsend & Hildrew, 1976) 
suggested that C boltonii would encounter a wide range of prey. The rapidity with 
which patches are colonised by prey (Winterbottom, 1995), combined with the low 
mobility of C boltonfl, may explain the lack of a consistent aggregative response to 
prey density. However, there was an aggregative response to prey density in May, 
when temperatures were higher and disturbance of the benthos by spates was lower. 
There was also a limited degree of habitat segregation; the association 
between the abundance of most prey species and CPOM density was not evident in 
C. boltonfl. The relative scarcity of many of the non-predatory chironomids and the 
Simuliidae in the diet probably reflected not only their low mobility, but also limited 
habitat overlap with C. boltonfl. The former taxa were more abundant in the densest 
leaf-packs, and the latter were limited to fast-flowing habitats where C. boltonii 
would be dislodged from the substratum (Prodon, 1976). 
The differential vulnerability of epibenthic and interstitial prey suggested that 
predator-prey interactions could also be decoupled at smaller spatial scales. 
Cordulegaster boltonii and interstitial prey overlapped less at small scales (i. e. 
microhabitats within a patch) than at larger scales (most interstitial species occurred 
across the range of flow habitats and CPOM density). Differential microhabitat use 
within a habitat may have affected prey vulnerability more profoundly than 
differential habitat use. This is supported by the extreme rarity of the Oligochaeta in 
the diet (Fig. 4.3). The Oligochaeta are abundant and found across a range of 
habitats but, because they burrow beneath the sediment, encounter rate will be 
extremely low. They are taken readily when presented to C. boltonii, and are 
recognisable in faecal pellets (pers. obs. ). The relative immunity of truly burrowing 
prey probably reflected microhabitat separation; the occasional occurrence of such 
taxa in the diet may represent dispersing prey. 
Prey detection and capture 
Because the extension of the labial mask is hydrostatic, rather than muscular 
(Askew, 1988), the attack response of dragonflies is probably largely independent of 
temperature. Capture efficiency did not vary significantly with temperature or light 
in the present study. Therefore, diel and temperature dependent differences in prey 
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survival reflected a differential attack rate that was, in turn, driven by encounter rate 
and/or the strength of the attack stimulus. Because C boltonii uses both visual and 
tactile stimuli,, it seems likely that attack rate would be highest during the day, due to 
enhanced visibility. However, the lack of a significant interaction between predator 
size and day/night suggested that diel variations in visual perception had little effect 
upon prey survival, because F-0 nymphs have far greater visual acuity than earlier 
instars, which rely more upon tactile stimuli (Corbet, 1980). It would appear that 
encounter rate, driven by prey mobility, accounted for most of the diel periodicity of 
predation impact (Fig. 4.13). 
Numerous studies have demonstrated that predation intensity varies with 
habitat complexity, resulting from differences in prey and predator perception, 
mobility and microhabitat use (e. g. Brusven & Rose, 1981; Gilinsky, 1984; Williams 
et al., 1993). Survival of both N. pictetii and P. conspersa was greater in complex, 
rather than simple, substrata. This supported the suggestion that refugia may stabilise 
predator-prey interactions in Broadstone (Hildrew & Townsend, 1982). However, 
even in the complex substratum, Prey did not remain in 'fixed' refugia; they 
regularly moved between patches, and were rarely stationary for a protracted period. 
There was no significant effect of prey density upon survival of N. pictetii, and a 
weak effect for P. conspersa. There appeared to be two main effects of increasing 
habitat complexity upon prey survival. First, because there was a greater proportion 
of interstitial space, especially in the upper layer, the epibenthic surface area 
available to the prey was greater. Consequently, there was not only greater refugium 
availability but, for a given distance travelled, prey would be less likely to encounter 
a predator. Second, the efficiency of prey capture on simple substrata was higher. 
The functional response to N. pictetii over ten prey densities showed no evidence of a 
'fixed' number of spatial refugia, which would give rise to a Type III curve. 
Although Plectrocnemia conspersa survival showed a weak response to prey density, 
this may be due to increased agonistic and avoidance behaviour among conspecifics 
at high density, rather than a shortage of refugiaper se (Hildrew & Townsend, 1980). 
Handling constraints 
The mass of a nymph of C. boltonii biomass increases by 6,500 times from 
the first to the final instar. Not surprisingly, there were strong ontogenetic shifts in 
the diet that reflected size-biased handling constraints. The upper size of prey was 
limited by the width of the labial mask; small C. boltonii were unable to handle the 
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large prey favoured by the late-instars (c. f. Chovet, 1976). Because large C boltonii 
can also use their labial palps to capture small prey (Corbet, 1980), the diet 
broadened over ontogeny as successively larger species, and individuals, were 
included. Similar ontogenetic shifts have been described for both fish and 
invertebrates (Allan, 1995), and such diet expansion may be associated with the use 
of multiple feeding modes at later life-stages (e. g. Luczkovich et al., 1995). 
Although small prey were retained in the diet of C. boltonii, their relative 
contribution declined as predator size increased. Because prey occurred in a wide 
range of sizes throughout the year (Lancaster & Robertson, 1995), these size-biased 
shifts in the diet reflected differential vulnerability, rather than juxtaposition of life- 
cycles (c. f Allan, 1982). 
Factors limiting predation in thefield 
The high potential rate of consumption, when compared with the gut contents 
of field-collected nymphs, suggested that C. boltonii was rarely, if ever, satiated in 
Broadstone, especially in the larger instars (Fig. 4.18). Although only N. pictefli was 
considered, this species accounted for most of the diet, in numbers and biomass. 
Additionally, only guts that contained N. pictetii were included; often about 50% of 
C boltonii guts were empty (Table 4.2). Handling time, including gut clearance rate, 
was therefore unlikely to constrain predation in the field. Because C boltonii is a sit- 
and-wait predator, searching time would also have a negligible effect upon predation 
rate. 
Although size-biased handling constraints restricted prey availability for the 
smaller C boltonii, the larger nymphs preyed upon virtually every member of the 
Broadstone benthos, with the exception of some of the smaller meiofauna. The low 
numbers of prey found in the guts of field-collected nymphs reflected the meagre 
availability of prey in the stream (Hildrew et al., 1985); ambient prey densities were 
typically similar to, or less than, the lowest densities used in the experimental 
studies. It is hard to envisage such an obviously food-limited predator ignoring a 
potential prey item, once encountered. The varied diet of C boltonii certainly 
suggested such opportunistic feeding. Further, within the constraints imposed by the 
relative size of predator and prey, because differential prey mobility and microhabitat 
use accounted for most of the variation in the diet, active predator choice appeared to 
have little or no effect upon prey selection. Indeed, there is little evidence of active 
choice among aquatic invertebrate predators; prey activity and movement appear to 
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be the most important influence upon diet (Sih, 1993). In the few studies where 
active choice has been demonstrated, it could be attributed to variations in prey 
behaviour (Sih, 1993). For example, because stoneflies will attack anything that 
moves, prey that move more often in response to the predator will be 'actively 
chosen' (Peckarsky & Penton, 1989). 
The constantly shifting patchy distribution of prey may have prevented the 
relatively immobile C boltonii from tracking their distribution effectively, resulting 
in weaker predator impacts. If prey mobility is an important predictor of predator 
diet, and hence predator impact, by characterising mobility we can gain clearer 
insight into how prey populations and communities respond to predation. 
The factors affecting predation by C boltonii within Broadstone are 
summarised in a flow chart (Fig. 4.19). In reality, most of these potential influences 
probably have little effect, because predation is limited at the initial stage of 
encounter. The principal factors limiting encounter rate, and therefore prey 
vulnerability, operated predominantly at small temporal and spatial scales (prey 
mobility and microhabitat use), because overlap between predator and prey was 
greater at larger scales (seasons, habitat). Prey mobility and microhabitat use were 
themselves determined largely by prey species, diel periodicity and temperature. In 
addition, prey vulnerability declined with increasing microhabitat complexity. It 
may be that C boltonii did not aggregate in the densest leaf-packs, where prey were 
most abundant, because encounter rate and capture efficiency were restricted by the 
physical complexity of the substratum. The distribution of C boltonii may therefore 
represent an aggregative response to areas of "greatest profitability", in response to 
prey availability rather than abundance. 
Cordulegaster boltonii could exert powerful predation pressure upon the 
benthos, if it realised its potential feeding rate (Table 4-5). At certain times of the 
year the ambient population of C boltonii potentially could eat the entire population 
of certain species within a single day. Although none of the three prey species 
considered here have been driven to extinction, the two most favoured prey, N. 
pictetii and P. conspersa, have declined in abundance since the invasion of C. 
boltonii (Chapter 3), suggesting that the new predator may be influencing community 
structure. 
Although there is evidently the potential for strong top-down control of prey 
populations by C. boltonii, this new predator does not operate in isolation. There are 
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Figure 4.19. Flow chart of factors limiting predation by Cordulegaster boltonii 
within Broadstone Stream. Weak interactions are denoted by dotted lines. Positive, 
negative, and unknown interactions are denoted by +, -, and ?, respectively. 
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two other large invertebrate predators within Broadstone (see Townsend & Hildrew, 
1979), and a guild of smaller tanypod predators (see Hildrew et al., 1985), all of 
which are more abundant than C boltonii. When the entire predator guild is 
considered together, there appears to be considerable potential for predation to shape 
community structure. However, complex interactions among the predators and their 
prey, such as competition for 'enemy-free space' (Jeffries & Lawton, 1985), 
omnivory and predator facilitation, may override direct interactions between pairs of 
species (Yodzis, 1988; Billick & Case, 1994; Sih et al., 1998). The Broadstone food 
web is highly complex (Lancaster & Robertson, 1995; Chapter 7), and recent models 
suggests that such complexity may enhance web stability (McCann et al., 1998). 
Indeed a recent four-species model suggested that compensatory interactions could 
result in long-term stability of prey populations within Broadstone, even if a 
dominant predator is removed entirely from the system (Spiers et al., in press). By 
characterising predator-prey interactions in detail, C boltonii may be incorporated 
into future models, to assess the possible consequences of the invasion of the new top 
predator to this well-described system. 
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Summary 
* Cordulegaster boltonii preyed upon virtually every member of the Broadstone 
macrofauna. The range of potential prey was determined by the relative size of 
the predator and prey. The diet broadened during ontogeny, as successively 
larger prey species (and individuals) were added, whilst small prey were retained. 
9 Cordulegaster boltonii preyed selectively upon actively mobile epibenthic prey, 
reflecting increased temporal and spatial encounters. 
9 Predation impact appeared to be explained largely by prey traits, rather than 
active predator choice. 
* Favoured prey species were heavily exploited in experiments - up to 60% of N. 
pictefli were consumed within 24h, even at one order of magnitude greater than 
the mean ambient density of prey. 
9 Prey mobility, and therefore vulnerability, increased with temperature and light 
intensity. 
9 Habitat complexity mitigated predation. 
9 The broad diet, low prey availability and high potential consumption by C 
boltonii suggested that encounter rate limited predation impacts within 
Broadstone. 
* This study suggested that this invading top predator was feeding well below 
satiation, at least in the larger instars. Field data suggested that starvation was 
common, with many nymphs having empty guts, although the proportion was 
lower than for the other predators (e. g. Lancaster & Robertson, 1995). The 
population of C boltonii within the stream, although still low compared with the 
other predators, could potentially drive certain prey species to extinction within a 
matter of days, if encounter rate was sufficiently high. 
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Chapter 5: Interactions of an invading top predator in a 
stream food web. 
Introduction 
That predators can strongly depress prey density, and alter community 
structure as a result, has been demonstrated repeatedly in freshwaters (e. g. Gilinsky, 
1984; Hemphill & Cooper, 1984; McIntosh & Townsend, 1996; Blaustein, 1998). 
Such effects are not ubiquitous, however, and many studies report nonsignificant 
impacts of predators (e. g. Allan, 1982a; Reice & Edwards, 1986). 
Indirect estimates of predator impact, derived from gut contents analysis, 
suggest that predators can depress prey populations strongly (Hildrew & Townsend, 
1982; Allan, 1982b). Manipulative field experiments have also often detected 
significant impacts of predators (Walde & Davies, 1984; Johnson et al., 1987; 
Lancaster et al., 1991). However, the interpretation of predator impact in 
enclosure/exclosure experiments is often limited by the inability to separate overall 
predator impact into the effects of direct consumption by predators and predator- 
induced prey emigration. Although both impacts will depress prey abundance within 
experimental arenas, they may have very different effects at larger spatial and 
temporal scales. If prey emigrate to avoid predators competition among prey may 
increase (e. g. for enemy-free space, food resources) resulting in reduced secondary 
production, but possibly little change in population size. Alternatively, predation 
may reduce competition among the surviving prey, resulting in increased prey 
production (e. g. Benke, 1978). Both predation and predator-induced emigration may 
operate in tandem (e. g. Peckarsky & Dodson, 1980; Peckarsky, 1985; Lancaster, 
1990). Such dual effects may give rise to potentially subtle and complex responses 
within prey populations; for example, Kratz (1996) found that the relative 
contribution of emigration and predation to prey depletion was dependent upon prey 
density. Predation and prey emigration clearly have the potential to exert profoundly 
different influences upon prey populations and production, and further information 
upon their relative contributions to overall predator impact is required (Sih & 
Wooster, 1994; Wooster & Sih, 1995). 
Recent reviews have suggested that the apparent trend for invertebrate 
predators to exert stronger impacts than vertebrates may be due to increased prey 
emigration; vertebrates do not appear to stimulate this avoidance mechanism (but see 
Dahl et al., 1998), whereas the opposite appears to be true for invertebrate predators 
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(Sih & Wooster, 1994; Wooster & Sih, 1995). If this is true, then predator impact 
may be greatest in acidified freshwaters because large invertebrate predators replace 
fish as the dominant predators as pH falls (e. g. Eriksson et al., 1980; Henrikson & 
Oscarson,, 1981; Hildrew et al., 1984; Nyman et al., 1985; Lancaster et al., 1996). 
Broadstone Stream, the site of the current study, is acid (pH 4.0-6.2) and, 
consequently, fishless. Previous studies have shown that the invertebrate predators 
within Broadstone can depress prey density strongly (Hildrew & Townsend, 1982; 
Lancaster et al., 1991). The current study investigated the impact of an invading 
predator, the nymph of the dragonfly Cordulegaster boltonii, which has recently 
established itself as the new top predator within Broadstone. Enclo sure/exclo sure 
cage experiments were used to estimate total predator impact, which was then 
resolved into predation and predator-induced emigration using artificial stream 
channels. Because C boltonii was invading at the top of the food web (Chapter 7), it 
had the potential to exert a strong effect upon the community. The consequences of 
the invasion could be far-reaching because C. boltonii preyed selectively upon the 
resident predators. These smaller predators themselves imposed strong predation 
pressure upon the benthos (Hildrew & Townsend, 1982; Lancaster et al., 1991; 
Lancaster, 1996). Potentially, the interactions between the invader and the resident 
predators could result in complex effects upon prey, such as increased prey 
abundance in the presence of the new top predator due to suppression of the 
mesopredators (e. g. Hodgson et al., 1993; Courchamp, et al., 1999). 
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Methods 
Because the size of the mesh used in enclo sure/exclo sure experiments 
determines prey exchange rates with the surrounding benthos, it can confound the 
detection of predator impact (Lancaster et al., 1991; Cooper et al., 1990). Impacts 
tend to be greatest if the mesh aperture is narrow and prey exchange rates low. 
However, because prey emigration in response to a predator may, in theory, account 
for the entire predator impact in a cage with unrestricted prey exchange, artificially 
restricting prey exchange rates may overestimate the relative importance of direct 
consumption to overall impact (Cooper et al., 1990). Experiments that restrict prey 
exchange rates are essentially feeding trials, whereas experiments that permit 
unrestricted exchange with the benthos can provide insight into how 'natural' prey 
populations respond to predators (Walde & Davies, 1984). For this reason, a mesh 
aperture of 4mm was used to enclose or exclude the predators (Cordulegaster 
boltonii were by far the largest members of the benthos), whilst ensuring that all 
other members of the benthos could colonise. 
The cage experiments examined the impact of the new predator upon 
colonisation by the entire prey assemblage. The stream channel experiments, 
however,, used only the two most strongly favoured prey species, the detritivorous 
stonefly, Nemurella pictetii and a previous top predator, the caddis Plectrocnemia 
conspersa (Chapter 4). 
Predator impact: cage experiments 
The cages are illustrated in Fig. 5. La. Native gravel substratum was 
collected from the stream and elutriated to remove prey. The substratum was added 
to each cage to a depth of 5cm, the vertical extent of the hyporheos within 
Broadstone (Rundle, 1988). Because substratum structure can have a strong effect 
upon predator impact (Hildrew & Townsend, 1977; Chapter 4), it was collected from 
the same habitat on each occasion. The cages were imbedded 5cm into the stream 
substratum, to equilibriate the substratum surface inside and outside the cages. The 
bases of the cages were solid but, because of the shallowness of the hyporheos, this 
would not affect overall colonisation (Lancaster, 1988). Two predator treatments 
(one or two final instar C. boltonii per cage) and one control treatment were used to 
reflect the range of ambient density of final instar C. 
boltonii within Broadstone. 
The predators were starved for five days prior to the start of each trial, to standardise 
hunger. Plastic mesh (4mm aperture) covered the sides and tops of the cages. Cages 
were placed within patches of zero near-bed flow (measured using a 
bucket-wheel 
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Figure 5. Ia. Experimental enclo sure/exclo sure cages used to measure predator 
impact. 
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Figure 5.1 b. Experimental stream channels used to resolve predator impact into predation 
and prey emigration. 
Channels were filled with gravel to 5cm depth and supplied with stream water via a 
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flow meter; Scientific Instruments Inc. ). These retentive microhabitats were used 
because they were representative of most of the stream for much of the year (see 
Lancaster & Hildrew, 1993b), and also because they standardised flow and were 
therefore less likely to create artificial flow refugia within the cages than in faster- 
flowing patches (e. g. Lancaster & Hildrew, 1993a). Treatments were placed in the 
stream in 10 unreplicated randomised blocks (20 in February, see below) of cages 
with one representative of each treatment per block. This design was used to reduce 
the influence of the spatial heterogeneity of the benthos upon potential differences in 
prey abundance among treatments. 
The cages were left in the stream for fourteen days. This allowed sufficient 
time for most prey to reach their background density (Lancaster, 1988). At the end 
of each trial cage contents were collected in 330ýim nets, and the enclosed C boltond 
were removed alive and returned to the laboratory for the collection of faecal pellets, 
which were mounted in euparal and examined at 40OX magnification to identify 
egested prey. The remaining contents of each cage were preserved immediately in 
5% formalin. Water temperature was measured at the end of each trial. 
Trials were carried out in June and October 1997, and in February and March 
1998. Two additional trials, in August 1997 and October 1998, were abandoned, due 
to an extreme low flow event that caused anoxia at the sediment surface and a 20- 
year spate, respectively, and are not considered further. The single predator 
treatment was abandoned in 1998 and replication of the other treatments was doubled 
in February (n =20), to improve precision at a time when prey density was at its 
seasonal minimum. 
The experimental hypotheses were: 
1. the abundance of prey would be reduced in the presence of C boltonii. 
2. the depletion of prey would be greater in the 2n density of C boltonii than in the 
In predator density. 
, Statistical analysis 
Multivariate analysis was performed using CANOCO (ter Braak & Svmilauer, 
1998), to compare the composition of the invertebrate assemblages between the 
control cages and 2n predator treatments. Data were checked for unimodality or 
linearity by performing a preliminary DCA prior to analysis. Predator impact, Pi, 
was calculated using the equation Pi = -In (Npl NO), where Np is the number of prey 
in the predator treatment, and No is the number of prey in the control treatment (after 
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Cooper et al., 1990). This metric is commonly employed in both analysis and meta- 
analysis of predation experiments to remove the potentially confounding effect of 
prey density upon predation, and assumes that the per capita effect of predators on 
prey populations is a constant (Cooper et al., 1990; Englund et al., 1999). As 
treatments were blocked, several values of Pi were obtained per trial, which were 
tested using paired t-tests for significant departures from zero (i. e. no predator 
impact). However, because zero counts of prey were recorded in some cages, Pi 
could not be calculated for all pairs of treatments. An alternative measure of 
predator impact, Logio (No +1) - Logio (N +1), was therefore also tested for P 
significant departures from zero. GLM was used to compare among species and 
replicate trials, with prey abundance in the predator cages as the response variable, 
and prey abundance in the control cages as a covariate. Predator impact was also 
compared between treatments for individual prey taxa. Such multiple comparisons 
within an experiment increase the risk of a Type 1 error, often accounted for by 
applying a Bonferroni correction factor. However, such corrections are highly 
conservative and increase the risk for Type 2 errors to occur (Huang & Sih, 1990). 
In addition if variables are correlated, as is often the case with invertebrate 
colonisation, then Bonferroni corrections are inappropriate, as the most suitable P- 
values will lie somewhere between 0.05 and 0.05". In concordance with Huang & 
Sih (1990) and Dahl & Greenberg (1999), the P-values presented are unadjusted, 
rather than using an arbitrary and possibly inappropriate significance threshold. 
Feeding electivity of enclosed C boltonii was calculated using Jacob's (1974) 
modification of lvlev's (1961) index of electivity, D. The index is calculated by: 
D= r-p 
r+p- 2rp 
Where r is the proportion of the diet accounted for by a given prey species, 
and p is the proportion of the prey per predator cage accounted for by that species. D 
varies from -1 to 0 for negative selection, and from 0 to +1 
for positive selection. 
The indices derived from the experiments were compared with data from gut 
contents of C. boltonii collected from the stream at similar times of the year (see 
Chapter 7 for detailed description of survey techniques). 
Indices of mobility (i. e. colonisation rate) were estimated for the five 
dominant prey taxa in the cage experiments, using regression equations of 
colonisation in response to discharge and temperature 
derived by Winterbottom 
(1995) given below: 
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PLey-Lax 
, qn a. 
Water temperature (OC) 
P. conspersa: y=2.449 - 0.064(x) 
N. pictetii: y= -0.0903 + 0.274(x) t 
n igra: y=1.33 - 0.041 (x) 
Chironomidae: y=2.525 - 0.072(x) 
b. Discharge (m 3 S-1 ) 
1.364 + 52.15 1 (x) t 
1.672- 10.069(x) 
0.308 + 67.213(x) t 
0.981 + 92.407(x) t 
Where y= ratio of the density of colonists in cages, achieved over 7d of 
colonisation, to the appropriate benthic density. This ratio was ln +I transfonned in 
the above equations. 
Significant relationships (at P <0.001) are suffixed by t; all other 
relationships were not significant (at P <0.05). The mobility of the chironomids was 
assumed to be the same for both tanypods and detritivorous chironomids in the 
current study, because these taxa were not distinguished in the study by 
Winterbottom (1995). 
Because the cages were placed in stagnant areas, and flow was recorded as 
zero on all sampling occasions in the current study, the mobility of those taxa that 
showed a significant response to flow (P. conspersa, L. nigra and the Chironomidae) 
was assumed to correspond with their respective y intercepts (i. e. at zero flow). 
Because these taxa showed no significant response to temperature, their mobility was 
not corrected for this variable. The mobility of N. pictetii was not corrected for 
discharge because this species exhibited no significant response to this variable. 
However, because N. pictetii showed a significant response to temperature, mobility 
during the current study was predicted using the regression equation for this variable. 
Prey mobility was then considered in relation to predator impact and feeding 
electivity of the enclosed C. boltonii. 
Separating predator impact into direct consumption and prey emigration: artificial 
channels. 
Artificial stream channels were used to separate total Predator impact into 
predation and prey emigration. Four channels, each 10cm wide x 25cm long, (Fig. 
5. Lb) were fed from a single reservoir of water diverted from the stream. 
Colonisation from the stream was prevented by baffles of 330ýtm aperture mesh at 
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the upstream end of the channels. Zero or one final instar C boltonfl, starved for five 
days, were used as the control and predator treatments, respectively; these densities 
were equivalent to the control and 2n predator treatments used in the cage 
experiments. Because the number of channels was restricted, trials were repeated 
over successive days. A randomised block design was used; one predator treatment 
and a control treatment for a given prey density were assigned to two channels per 
day. The predators were left for 15 minutes after movement ceased, prior to the 
addition of prey. Predators were enclosed in the channels by 4mm aperture mesh, 
whereas prey were free to emigrate from the downstream end, where they were 
collected in 330ýtm aperture nets. 
Fifth instar Plectrocnemia conspersa (head capsule width = 2.5-2.8mm) and 
large Nemurella pictedi (head capsule width = I. Omm) were used as the prey. Prey 
were collected each day from the stream. Two densities of P. conspersa (I or 2 per 
channel) were used: densities greater than this could not be used because the larvae 
became cannibalistic. For P. conspersa, the trials using In prey density were carried 
out over 15 days (i. e. 30 channels per treatment), and those using 2n prey were 
carried out over seven days (i. e. 14 channels per treatment). The trials using P. 
conspersa were carried out during January and February 1998. Three densities of N. 
pictetii (5,10 and 15 per channel) were used. Ten channels were used for each 
treatment at each prey density for N. pictefli; thus each trial lasted for five days in 
total. These trials were carried out during March 1998, with an additional trial, using 
only an initial density of 10 N. pictetii per channel, in October 1998. 
Discharge and water temperature were measured for each channel at the start 
and end of each 24h. After 24h the nets and channels were emptied and the numbers 
of prey that had emigrated or remained in the channel recorded. The predators were 
removed and returned to the laboratory for collection of faecal pellets. Faecal pellets 
were mounted and examined at x400 magnification, to confirm the number of prey 
eaten by C boltonii. To compare emigration in the predator and control treatments, 
the predator treatment was corrected for the loss of prey by consumption by 
subtracting the number eaten from the initial prey density. X2 contingency tables 
were used to compare emigration from the predator and control treatments of these 
surviving prey. 
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Results 
Cage experiments 
Principal Components Analysis (PCA) suggested a seasonal gradient in the 
composition of the cages along the first axis (Fig. 5.2). Predator and control 
treatments were separated on the second axis, and total prey abundance, fitted as a 
vector, was also most closely associated with this axis. Within trials, predator cages 
were higher on axis 11 than the control cages, except in March 1998, when predator 
impacts were weakest (see below). Determination of predator impact was possible 
for total prey and the five most abundant taxa, Plectrocnemia conspersa, Leuctra 
nigra, Nemurella pictetii, tanypods and the detritivorous chironomids. Several other 
taxa colonised the cages, but numbers were much lower and more variable. Unless 
otherwise stated, Logio (No +1) - Logio (N +1) was used to measure predator P 
impact, rather than Pi, because of zero counts. Predator impact increased with 
predator density; the only significant responses of prey in the In predator treatment 
was a depletion of total prey in October (P <0.05), whereas thirteen of a possible 
twenty-four comparisons in the 2n predator treatment showed significant prey 
depletion at P <0.05 (Fig. 5.3). Predator impact varied among prey species: P. 
conspersa and N. pictetii were most strongly depleted, whereas L. nigra, often the 
most abundant prey species, only showed a significant, but weak, response in 
February. The strength of predation was also seasonal; predator impact upon total 
prey was highest in the summer and autumn, and lowest in the winter and spring. 
However, prey taxa responded differentially among months; N. pictetii, P. conspersa 
and the tanypods were less impacted in the spring and winter than in the summer and 
autumn, whereas L. nigra were most strongly impacted in February. 
Density dependent trends in predator impact can be gauged visually by 
plotting the density of prey in the predator treatment against density in the controls 
for each pair of cages (Fig. 5.4). Below a line with a slope of one and an intercept of 
zero (i. e. Pi = 0) prey are depleted. Because several predator cages contained no P. 
conspersa and N. pictetii, Pi could not be calculated for these pairs. Thus, the mean 
values of Pi presented in Fig. 5.3 were lower than total Pi calculated by pooling all 
cages within treatments (e. g. Fig. 5.8). There appeared to be a curvilinear 
relationship between Np and No for individual taxa (particularly P. conspersa) and 
total prey, when data were pooled over the four sampling occasions (Fig. 5.4). 
However, such relationships are suggested only tentatively because prey density and 
time were autocorrelated; abundance was highest in the autumn for total prey, P. 
132 
Figure 5.2. Species scores from Principal Components Analysis (PCA) of 
the invertebrate assemblage within predator and control cages (June 1997 - 
March 1998). 
Centroids are shown as solid squares; OP represents control cages with no 
predators, 2P represents predator cages containing 2 Cordulegaster boltonii 
nymphs per cage. Total invertebrate abundance is fitted as an 
environmental variable, and is represented as an arrowed vector. 
Axis I accounted for 39.4% of the variation within the data; Axis I and Axis 
11 together accounted for 57.8% of the cumulative variation within the data. 
2 Axis Il 
MarOP 
0 
MLP Cb 
Jun2P tp. 
ci 
Sf 
2P(all 
0 
trials) Axis 1 
-2 Cer 2 Ln 
Feb2P Cyc 
NPOP( trials) Chi iuýop 
FebOP PC 
Tany 
Total Oct2P 
0 
-2 
Key to Species Codes: 
Cb = Cordulegaster boltonii 
Sf = Sialisfuliginosa 
PC = Plectrocnemia conspersa 
Tany = tanypods 
Cer = Ceratopogonidae 
P. Ci = Potamophylax cingulatus 
Np = Nemurella pictetii 
Ln = Leuctra nigra 
Chi = detritivorous chironomids 
Cyc = Cyclopoidea 
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Figure 5.3. Density and predator impact for the five dominant prey taxa and 
total prey in the enclosure/exclosure cages between June 1997 and March 1998 
(bars =I SE). Note mean impact could not be calculated for N. pictefli in June 
for a predator density of 2C boltonii (denoted by t) because of zero counts; 
the Pi for total N. pictefli in this treatment was 2.01. Significant depletion of 
prey in predator cages compared with controls (paired t-tests; No - NP) is denoted by *. 
** P<0.05; *** P<0.01; **** P<0.001. 
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Figure 5-4. Densities of the five dominant prey taxa and total prey in the predator and 
control cages, for the predator treatments of two Cordulegaster boltonii per cage. 
Dashed lines indicate no predator impact; points below the line show prey depletion. 
Curves fitted by eye. 
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conspersa and the tanypods. GLM revealed non-homogeneity of slopes among 
months for all prey groups (P <0.001 - 0.041), so common regression lines may not 
be applicable. This precluded the use of abundance in the controls as a covariate 
among months (Sokal & Rohlf, 1995) and, consequently, statistical analysis using 
GLM and ANCOVA were inappropriate when comparing predator impact among 
months. The number of prey per predator gut varied seasonally, and increased with 
predator impact (Fig. 5.5). Enclosed C. boltonii fed selectively upon the taxa that 
were most strongly depressed by the predator; Plectrocnemia conspersa, and the 
stonefly Nemurella picteth were both strongly favoured, whereas the far more 
abundant stonefly Leuctra nigra was rarely taken (Fig. 5.6). Feeding electivity in the 
experiments generally reflected patterns in the survey data, suggesting that predator- 
prey interactions within the cages were not artefacts of the experimental arenas (Fig. 
5.7). 
Predator impact varied seasonally, and appeared to reflect seasonal changes 
in prey mobility and feeding electivity among the five dominant taxa (Fig. 5.8). In 
June and, to a lesser extent, in October, the most favoured prey were those most 
strongly depleted in the predator cages. However, these suggested positive 
relationships between electivity and predator impact weakened progressively over 
time; by March predator impact appeared to be independent of electivity. Electivity 
increased with prey mobility, and was close to its maximal value (d = 1) for the most 
mobile taxa, P. conspersa and N. pictetii, in June. The most mobile taxa were also 
those most strongly impacted by C boltonii. Again, this apparent pattern was 
strongest in the summer, but was virtually absent in the winter and spring. 
Artificial stream channels. 
a) Prey species: Plectrocnemia conspersa. 
There were no significant differences in prey emigration between the predator 
treatments and the controls (Fig. 5.9; Table 5. La). Predation was strong, and 
accounted for 50% and 57% of the initial prey in the In and 2n prey treatments, 
respectively. Although discharge and mean water temperature varied among days 
there were no significant differences in either variable between the two prey densities 
and between predator and control treatments. 
b) Prey species: Nemurella pictetii. 
There was no significant predator-induced emigration of prey in any of the 
trials (Table 5. Lb; Fig. 5.9). Cordulegaster boltonii consumed 42-43% of all N. 
pictetii in the three prey densities used in March and 64% 
in October. Emigration 
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Figure 5.5. Predator impact for total invertebrates in the 2n predator cages 
against number of prey the guts of the enclosed Cordulegaster boltonfl. Bars 
= ISE. 
-r 
Cd 
0.5 
0 
-0.5 
Mean no. prey per predator gut (In x+ 1) 
* June m October m February o March 
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Figure 5.6. Composition of the predator enclosure cages (a) and the diet of 
enclosed Cordulegaster boltonii (b). 
June October February March 
(a) (b) (a) (b) (a) (b) (a) (b) 
Cordulegaster boltonii 
Sialisfuliginosa 
Plectrocnemia conspersa 41 40 
Tan odinae is 
Chironomidae 0 
Ceratopogonidae 0 0 a 
Nemurella pictetii 0 40 0 
Leuctra nigra 
0 
Tipulidae 
Potamophylax cingulatus 
Relodidae 
Cyclopoidea - 
Niphargus aquilex - 
Terrestrial 
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Figure 5.7. Feeding electivity of enclosed Cordulegaster boltonii during the 
cage experiments, and for large C. boltonii in the benthos during six 
comparable sampling occasions. 
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October 1996 October 1997 
February 1997 
April 1997 
Figure 5.8 Relationships between feeding electivity of enclosed C boltonfl, prey 
mobility and predator impact for the five dominant prey taxa. Lines fitted by eye. 
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Figure 5.9. Proportions of prey (Plectrocnemia conspersa & Nemurellapictefli) 
remaining, leaving, or eaten by final instar Cordulegaster boltonii after 24h. 
P. conspersa: n= 30 & 14 artificial channels per treatment at prey density of I and 2 
per channel, respectively. 
N. pictefli: n= 10 artificial stream channels per treatment at each prey density 
Prey: P. conspersa 
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Control Corrected Predator 
Table 5.1. a. X2 tests comparing the numbers of prey that remained in, or emigrated 
from experimental channels in the presence/absence of Cordulegaster boltonfl. Df = 
1. 
P<0.05 ** 
Prey species: Plectrocnemia conspersa 
Trials Treatment Remained Emigrated Total 
Plectrocnemia n=I Control 
Predator 
11(11.33) 
6(5.67) 
19(18.67) 
9(9.30) 
30 
15 
x2 0.047 
p N s 
Plectrocnemia n=2 Control 17(16.8) 11(11.20) 28 - 
Predator 7(7.20) 5(4.80) 12 
X2 0.020 
p Ns 
Table 5. I. b. Prey species: Nemurella pictetii. Df = 1. 
Trials Treatment Remained Emigrated Total 
Nemurella n=5 Control 36(35.18) 13(13.82) 49 
Predator 20(20.82) 9(8.18) 29 
x2 0.054 
p Ns 
Nemurella n 10 Control 80(80.25) 20(19.75) 100 
Predator 46(45.75) 11(11.25) 57 
X2 0.011 
p Ns 
Nemurella n 15 Control 111 (112.53) 32(30.47) 143 
Predator 70(68.47) 17(18.53) 87 
X2 0.26 
Nemurella n 10 Control 67(66.41) 33 (33.51) 100 
(October 1998) Predator 20(20.59) 11(10.41) 31 
X2 0.065 
p Ns 
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was also higher in the controls in October than in March (X2 = 4.39 P=0.038). There 
were no significant differences in discharge or temperature between predator and 
control treatments within trials using the same initial prey density. The only 
significant difference in discharge or temperature across all trials was that water 
temperature was higher in October (I 1.050C ±1.0) than in March (8. OOC ±0.2) (t-test 
P<0.05). 
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Discussion 
The invading top predator had strong impacts upon the prey community, 
although the strength of prey depletion varied seasonally and among prey species; 
not all taxa were affected equally, and predator impact was strongest in the summer 
and autumn. Significant predator impacts were detected at three trophic levels within 
the food web (see Lancaster et al., 1995); the abundance of a previous top predator, a 
group of primary predators and detritivores were all depleted in the presence of the 
new top predator. 
The results presented here do not support the suggestion that prey emigration 
is an important component of invertebrate predator impact (Sih & Wooster, 1994; 
Wooster & Sih5 1995). The current study was also unusual in that predator impact 
was strongest for the most mobile prey, with the highest exchange rates and, 
therefore the greatest potential to swamp predator impact (Cooper et al., 1990). 
However, most studies involving predatory invertebrates that have reported strong 
emigratory responses of prey, and negative relationships between prey mobility and 
predator impact, have used large stoneflies as the predator species and mayflies as 
prey (see Wooster & Sih, 1995; Cooper et al., 1990; Englund et al., 1999). These 
species are predominantly active searching predators (Giller & Malmqvist, 1998), 
although they may also ambush prey to a lesser extent. Searching predators tend to 
disturb prey whilst foraging and, consequently, tend to stimulate prey emigration; 
exclusively sit-and-wait predators, such as Cordulegaster boltonii and many other 
dragonflies, which dominate the predator guild of many freshwater systems (e. g. 
Benke, 1978), may have little effect upon emigration (Sih et al., 1998). Also, 
impacts upon sedentary prey, for a given rate of predation, will tend to appear 
stronger because predation is less likely to be swamped by prey exchange with the 
environment. However, the impact of sit-and-wait predators upon sedentary prey 
will be limited because of low encounter rate (Chapter 4). Because their encounter 
rate is driven by the mobility of the prey, not the predator, sit-and-wait predators will 
have the strongest interactions with active prey. Consequently, predator impacts of 
sit-and-wait predators will tend to be underestimated, when compared with active 
searchers, in cage experiments. 
The type of prey mobility will also determine predator impact; crawling prey 
(e. g. Nemurellapictetii) will be more vulnerable to benthic predators than prey that 
disperse in the drift (Cooper et al., 1990). There may also be other interactions 
between prey mobility and the foraging mode of the predator. If sit-and-wait 
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predators have more rapidly accelerating attack responses than searching predators, 
as suggested by Williams & Feltmate (1992), then, for a given encounter rate, they 
will be more successful at capturing mobile prey. The labial strike of dragonflies is 
one of the fastest attack responses among invertebrates; full extension of the labial 
mask requires only 15-20 milliseconds (Pritchard, 1965). There is evidence that sit- 
and-wait predators have stronger interactions with mobile prey than searching 
predators (e. g. Townsend & Hildrew, 1979). Lancaster et al (1991) found that 
Plectrocnemia conspersa, which is also a sit-and-wait predator (although highly 
mobile when moving between hunting sites), had the strongest impacts upon mobile 
prey, particularly Nemurella pictetii and smaller conspecifics. Less mobile species, 
such as Leuctra nigra, showed little response to either C boltonii in the current 
study, or to P. conspersa in the experiments of Lancaster et al (199 1 ). 
Because the higher exchange rate of mobile prey mitigates the detection of 
significant predator impacts (Cooper et al., 1990), those species most likely to be 
impacted by sit-and-wait predators will also be least likely to show a detectable 
response. Consequently, the impact of C boltonii upon N. pictetii and P. conspersa 
probably underestimated the true level of predation, especially when compared with 
the less mobile prey species. This is supported by the strong depletion of these 
mobile prey in closed systems (Chapter 4) and the partially-closed stream channels 
compared with the weaker effects seen in the open cages. 
Because interactions between pairs of species are imbedded within the more 
complex framework of the community food web, the impact of any single predator 
upon any single prey species is unlikely to operate in isolation and can be affected by 
a multiplicity of indirect interactions (Bradley, 1984). Complex interactions, such as 
apparent competition (Holt & Lawton, 1994; Jeffries & Lawton, 1985), predator 
facilitation (Sih et al., 1998) and trophic cascades (Moran et al., 1996; McIntosh & 
Townsend, 1996), can give rise to unexpected and often counterintuitive predator 
impacts (Rosenheim et al., 1993; Wissinger & McGrady, 1993). Complex 
interactions may be especially marked in systems where generalist predators 
predominate, such as acidified freshwaters (Hildrew, 1992). Although the study of 
complex trophic interactions is still in its infancy, the few studies that have been 
done suggest that they may be important in structuring communities (Sih et al., 
1998). The Broadstone food web is extremely complex, and both predator and prey 
overlap graphs are close to their maximum connectance (Chapter 7), suggesting that 
indirect interactions could be important determinants of predator impact. The trophic 
145 
link between C boltonii and Plectrocnemia conspersa was relatively direct, as they 
were at most two trophic levels apart and the intermediate predator, Sialisfuliginosa, 
had a much weaker interaction with P. conspersa (Fig. 5.10). Nemurella pictefli, 
however, was up to four trophic levels removed from C boltonii, with more than ten 
possible food chains, excluding loops, between the two species. The strong depletion 
of N. pictetii in the artificial channels in the winter, when compared with the multi- 
species cage experiments, may reflect an absence of potentially compensatory 
indirect effects. The strength of the direct link between N. pictefli and C boltonii 
probably overruled any potentially compensatory indirect effects. Indirect food web 
effects may explain why less-favoured species appeared to show little response to C 
boltond, even though they may have been consumed in large numbers. For example, 
the tanypods were the most common taxon in the diet of enclosed C boltonii in June, 
but they exhibited a weak predator impact (P <0.1). The 'additional' individuals in 
the control cages may have been removed by P. conspersa, which can consume large 
numbers of prey in the summer (Townsend & Hildrew, 1977; Hildrew & Townsend, 
1982), and were more abundant in the cages lacking C boltonfl. 
The influence of scale upon the interpretation of field experiments has been 
stressed increasingly (Wooster & Sih, 1995; Lancaster, 1996; Englund, 1997; Cooper 
et al., 1998). Small-scale experiments often reflect behavioural interactions, rather 
than those at the population scale. However, the current study appeared to be more 
representative of population scale interactions, because there was no evidence of an 
influence of predator-induced emigration upon predator impact. Also, although the 
experimental investigation was limited to small spatial and temporal scales by 
logistic constraints, survey data revealed large-scale patterns that were consistent 
with the results of the field experiments. At the scale of 50m reaches, the quotient of 
C boltonii to P. conspersa abundance increases with distance from the source over 
the entire acidified length of Broadstone (780m) (Chapter 3). There is also a 
negative relationship between the two predators over large temporal scales; the 
increased abundance of C boltonii since the 1970s is mirrored by a decline in P. 
conspersa and N. pictetii (Chapter 3). Such large-scale patterns are suggestive of 
strong negative interactions (Sowig et al., 1997), and indicate that the impacts 
measured in the field experiments may be affecting prey populations at larger scales. 
In the current study the strength of predator impact appeared to track seasonal 
changes in prey abundance. However, whether predator impact was due to seasonal 
effects per se, or to prey density, or whether season and prey density interacted, 
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Figure 5.10. The Broadstone Stream food web. Highlighted links connect C boltonii to 
its two most strongly impacted prey in the cage experiments, P. conspersa and N. 
picteffi, and to other predators these prey. Double-headed arrows indicate mutual 
predation, circular arrows represent cannibalistic loops. See Chapters 7&8 for 
descrii)tions of the construction of the web. 
Key: 
z= Cordulegaster boltonii 
x= Sialisfuliginosa 
w= Plectrocnemia conspersa 
t Macropelopia goetghebueri 
u Zavrelimyia barbatipes Tanypodinae 
v Trissopelopia longimana 
I 
j-1, p&q= detritivorous Chironomidae 
0= Nemurella pictetii 
b= FPOM 
See Lancaster & Robertson (1995) and Chapter 7 (Table 7.1) for key to 
remaining taxa. 
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could not be clearly separated because prey abundance was autocorrelated with 
season. The apparent non-linearity of predator impact across prey density, combined 
with this confounding effect of prey density and season, restricted the interpretation 
of seasonal changes in predator impact. However, the cumulative proportion of 
points that fell below a line with a slope of unity for NWNo and the distance from this 
line tended to increase with prey density within months; this suggested that prey 
density affected predator impact within a given trial. 
The suggestion that predator impact might vary in a non-linear fashion with 
prey density is of interest because many field experiments have not addressed this 
potentially confounding effect; the per capita effect of predators upon prey 
populations is often assumed to be a constant (e. g. Cooper et al., 1990). The study 
by Kratz (1996) is a notable exception, and this revealed predator impacts were 
highest at intermediate prey densities but were low at the extremes of prey density, 
suggesting the presence of a Type III functional response. Because prey abundance 
varies seasonally in most temperate streams, separating these covariables may be 
difficult, particularly where independent trials from different seasons are combined 
for meta-analysis (e. g. Englund et al., 1999). Further experiments within Broadstone 
could be designed to separate seasonality and prey density more clearly; within- 
month comparisons of rich and poor patches of prey abundance, that have been 
identified a priori from survey data, could be used to elucidate the effect of prey 
density upon predator impact. 
In addition to the possible effect of prey density per se, spatial heterogeneity 
may have a potentially strong and confounding effect upon the detection of predator 
impact in unpaired trials. In the current study, variation among the control cages 
varied by as much as an order of magnitude for many taxa within each month. 
Randomly assigning treatments within such a heterogeneous system could make the 
detection of predator impact and the identification of any density-dependent trends 
unlikely, even where depression in prey abundance may be strong. Designs using 
paired treatments replicated within blocks would improve the ability to detect 
predator impacts. 
The apparent relationships between predator impact and prey density suggest 
that, within Broadstone, there may be patches of high predation and high prey 
abundance, although these patches need not necessarily 
be constant over time. 
Because predation rate is constrained by encounter rate, rather than handling time, 
even at very high prey densities (Chapter 4), and the predators aggregate with their 
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prey (Hildrew & Townsend, 1982; Chapter 6), these rich patches of prey may befoci 
of strong predation. 
There is also a suggestion that predator impact for a given prey density was 
stronger, for some species, in the summer and autumn than in the winter and spring. 
For example, P. conspersa and N. picteffi were strongly depressed in June, even to 
the extent of being absent from the predator cages, even though prey density in the 
control cages was low. This temporal effect was also apparent in the channel 
experiments, when predation of N. pictedi was stronger in October than in March, at 
the same initial prey density. The seasonal changes in predation may reflect 
increased activity of prey at higher ambient temperatures, which increases encounter 
rate and, consequently, predation by C boltonii (Chapter 4). 
Potentially, the population of C boltonii could consume entire populations of 
certain prey species, notably P. conspersa and N. pictetii, within Broadstone in a 
matter of days, if the predators sustained their maximum feeding rate (Chapter 4) and 
were not limited by encounter rate. This large and voracious new predator clearly 
has the potential to exert very strong predation pressure, and the suggestion of an 
approach to an asymptote in the Np vs No curves at high prey density suggested that 
C boltonii may depress the carrying capacity for many prey. This pattern was 
particularly marked for P. conspersa, and reflects the results of laboratory 
experiments that demonstrate that the survival of P. conspersa declines with 
increasing density, even at densities several times greater than those recorded in the 
stream (Chapter 4). This carrying capacity may reflect the availability of refugia, or 
cenemy-free space' (sensu Jeffiies & Lawton, 1985); as this space is filled further 
colonists will become increasingly vulnerable to predation. If the availability of 
refugia becomes limiting, then apparent competition may become intense among 
coexisting prey species. The electivity of C boltonii for mobile epibenthic prey 
suggested that the invasion could have asymmetric effects upon the prey assemblage. 
One possible long-term consequence of the invasion of this new top predator is the 
depletion of the previously common P. conspersa and N. picteffi (Chapter 3), 
although such suggestions are only tentative at this stage. 
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Chapter 6: Resource-partitioning and intraguild predation 
following the invasion of a new top predator. 
Introduction 
Competition and predation can play important roles in structuring communities, 
through lateral and vertical interactions within the food web, respectively (e. g. Paine, 
1980; Connell, 1983; Schoener, 1983; Hemphill & Cooper, 1984). There is also 
increasing evidence that intraguild predation among potential competitors is widespread 
(e. g. Polis & Holt, 1992; Dick & Platvoet, 1996). This form of mixed competitive- 
predatory interaction may produce very different effects from those of competition or 
predation operating in isolation (Polis et al., 1989; Holt & Polis, 1997). 
This chapter addresses resource-partitioning and intraguild predation among the 
six common predator species within the Broadstone Stream food web. Because the 
stream is acid fish are absent and invertebrates dominate the predator guild. The six 
species considered here are, in order of increasing body size, the larvae of three tanypod 
midge species (Zavrelimyia barbatipes FittkaA Trissopelopia longimana Kieffer and 
Macropelopia goetghebueri (Kieffer)), the caddisfly Plectrocnemia conspersa (Curtis), 
the alderfly Sialisfuliginosa Pict., and the dragonfly Cordulegaster boltonii (Donovan). 
The six predators can also be subdivided into two foraging modes, sit-and-wait (C 
boltonii, P. conspersa and M goetghebueri) and active searching predators (S. fuliginosa 
and the two pentaneurid tanypods). 
Real food webs often contain several predator species that occupy similar trophic 
levels. As a result, these species may have strong lateral competitive interactions, 
although these are rarely included in food webs. Also, omnivores, which feed at more 
than one trophic level, may have both vertical (i. e. predation) and lateral interactions 
with other members of the web. Feeding loops also occur in natural systems; these may 
be interspecific (mutual predation; i. e. a eats b eats a) or intraspecific (cannibalism), and 
can play important roles in the regulation of predator density (e. g. Benke, 1978). 
Intraguild predation, which describes predation among potential competitors (Polis et al. 
1989; Polis & Holt, 1992), although often overlooked, can exert a powerful influence 
upon community structure (Rosenheim et al., 1993; Dick & Platvoet, 1996). In addition, 
intraguild predation may interact with competition, to may produce non-additive effects 
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during experimental manipulations of predator density (e. g. Wissinger & McGrady, 
1993). A range of vertical and lateral food web interactions, including intraguild 
predation, feeding loops, and potential competition via dietary niche overlap, among the 
six predators within Broadstone Stream are addressed here. 
Dual competitive-predatory interactions, although rarely reported, may be 
common in nature (Wissinger, 1989), and may operate over a range of ecological scales. 
For example, the non-lethal effects of predator presence can mediate interspecific 
competition by affecting prey behaviour (e. g. Werner, 1991; Werner & Anholt, 1996). 
Further, apparent competition among prey for 'enemy-free space' (as opposed to 
competition for 'traditional' resources, such as food and habitat) may have profound 
effects upon community structure (Holt, 1977; Jeffries & Lawton, 1984 & 1985). The 
prevalence of omnivory, once assumed to be rare (Cohen, 1978; Pimm & Lawton, 1978; 
Pimm, 1980; 1982), has been emphasised increasingly in the more recent food web 
literature (e. g. Sprules & Bowerman, 1988; Polis, 1991; Nystr6m et al., 1996). The 
Broadstone Stream food web is extremely interconnected; all of the predators are 
generalist omnivores and most prey species share at least two predators (Hildrew et al., 
1985; Lancaster & Robertson, 1995; Chapter 7). In addition, mutualistic and 
cannibalistic feeding loops occur within the Broadstone predator guild (Hildrew et al., 
1985; Lancaster & Robertson, 1995). 
All predator and prey species can be found within Broadstone throughout the 
year (see Lancaster & Robertson, 1995). Previous studies have shown that the predators 
exploit prey heavily between recruitment periods (Hildrew & Townsend, 1982). Despite 
this intense predation pressure, many predators have empty guts (Lancaster & 
Robertson, 1995) and consumption rates measured in the laboratory are far greater than 
those estimated from field-caught predators (Chapter 4). This suggests that prey 
availability might limit predation rate, especially in the winter when prey are rare. The 
apparently high dietary overlap among the predators, and a scarce resource, suggests that 
competition may be intense. Consequently, biotic interactions may play a powerful role 
in structuring the predator guild. Similarly, because most prey species share predators 
apparent competition (sensu Holt & Lawton, 1994) may have a strong influence upon 
the prey assemblage. 
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In the current study the diet of each of the six predators was characterised in 
detail, to examine possible mechanisms that may partition resources and mediate 
coexistence. Dietary overlap was of primary interest because food appears to be the 
most limiting resource; previous studies have shown that there is little habitat 
segregation among the predators (Townsend & Hildrew, 1979), and all six species occur 
as larvae throughout the year (Lancaster & Robertson, 1995). Also, temporal overlap 
among similar-sized predators is high, suggesting that resources were not partitioned by 
the predators staggering their life-cycles (Townsend & Hildrew, 1979). Because body- 
size is a major determinant of trophic status within the food web (Chapter 8), handling 
constraints may provide an important means of dietary partitioning among the predators. 
Since body-size varies considerably within each species, and all six overlap, their 
trophic status within the food web may be better represented by a series of overlapping 
continua, rather than as discrete points. Ontogenetic shifts in the diet were incorporated 
as part of this study, to provide detailed resolution of the trophic relationships among the 
predators. 
An earlier study revealed that S. fuliginosa and P. conspersa partitioned 
resources via dietary differentiation when prey are scarce (Townsend & Hildrew, 1979). 
However, there has been a recent and major shift in the structure of the food web, which 
may influence the coexistence of these predators; Cordulegaster boltonii has invaded 
and established itself as the new top predator within Broadstone. The invader is native 
to the locale, but has never been recorded in Broadstone in large numbers; following the 
-2 invasion C boltonii nymphs were found in densities in excess of 70 M. An individual 
C boltonii can consume over 8% of its body weight within twenty-four hours; such 
intense predation could, potentially, result in rapid depletion of prey (Chapter 4). 
Because the invading predator preys upon both P. conspersa and S fuliginosa and upon 
their prey (Chovet, 1976), the invasion may have had deleterious effects upon these 
other large predators via both predation and competition. 
Schoener (1983) and Connell (1983) suggested that interspecific competition was 
prevalent within natural communities, although the validity of these interpretations were 
later criticised by Underwood (1986). Most communities are probably structured by a 
combination of predation, competition and disturbance, rather than by a single factor, 
although the relative contribution of each will vary among systems (Begon et al., 1996). 
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In hydrologically stable systems with persistent communities, such as Broadstone 
Stream, biotic interactions may be of greater importance than in more disturbed systems 
(Townsend, 1989). 
If competition is important, then conventional theory predicts three 
characteristics that should be apparent within a community (Begon et al., 1996). First, 
potential competitors should, at the very least, exhibit some degree of niche 
differentiation (e. g. Pianka, 1973; Lawlor, 1980). Within a guild, niche differentiation 
can involve more than one niche dimension; often species that overlap in one dimension 
(e. g. diet) are separated in another (e. g. habitat), giving rise to 'complementarity' of 
potential competitors (Schoener, 1974). Second, niche differentiation is likely to be 
exhibited in morphological differences (e. g. Hutchinson, 1959). Third, within a 
community, potential competitors with little or no differentiation are unlikely to coexist. 
This third prediction is often difficult to demonstrate due to the potentially confounding 
'ghost of competition past' (Connell, 1980). However, the examination of long-term 
data sets documenting species replacements during invasions can provide compelling 
and direct evidence for the importance of competition in structuring communities 
(Begon et al., 1996). Pathogen-induced population crashes of dominant species can also 
reveal competitive interactions, reflected by population increases of inferior competitors 
(Kohler & Wiley, 1997). The current investigation aimed to address each of the three 
indicators of competition listed above, in addition to predatory interactions, following 
the invasion of the well-characterised food web of Broadstone Stream by a new top 
predator. 
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Methods 
Survey methods. 
A 200m stretch of Broadstone Stream was sampled in May, August, October and 
December 1996, and in February and April 1997). On each occasion, thirty randomly- 
dispersed Surber samples (sample-unit area 0.0625m 2; mesh aperture 330ýtm) were 
taken to quantify benthic densities. Water depth, substratum type (mud, sand, gravel, 
stone), near-bed water velocity (measured using a bucket-wheel flow meter (Scientific 
Instruments, Inc. )) and flow 'type' (pool, glide, riffle) were recorded at each sample- 
unit. The benthos was sampled to a depth of 5cm, the usual vertical extent of the 
hyporheos in Broadstone (Rundle, 1988). All samples were preserved immediately in 
5% formalin. Samples were sorted in the laboratory, and all macroinvertebrates and 
Cyclopoidea were removed and counted. Coarse Particulate Organic Matter (CPOM) 
was removed and dried to constant weight at 600C. Invertebrates were measured using 
an eyepiece graticule, and biomass was estimated from length-weight regression 
equations (Table 5.1). Regression equations took the form Loglo y= Logloa + b* 
Loglox, or the equivalent using natural logarithms, except for the Oligochaeta. These 
were approximated to cylinders with a specific gravity of 1.05, and a dry: wet weight 
ratio of 0.25 (Rundle, unpublished). 
Gut contents analysis was performed on all predators collected in the Surber 
samples. In addition, qualitative kick samples were taken to supplement the sample of 
large Cordulegaster boltonii nymphs (instars 7-14). These nymphs were taken from 
outside the 200m survey stretch, to avoid possible depletion of the survey population. 
The entire foregut of each predator was removed by dissection, mounted in euparal, and 
examined at 40OX magnification. Since prey were ingested whole, or in large 
fragments, the remains of most taxa could be identified to species relatively easily. Gut 
contents were identified from reference slides and the biomass of ingested prey was 
estimated from length-weight regressions from linear dimensions. 
Selection of additional survey data. 
Additional survey data of estimates of benthic density, supplied by A. G. Hildrew, C. R. 
Townsend, J. Lancaster and J. H. Winterbottom, were collated to create a database that 
spanned 24 years. Only randomly-dispersed sample-units, taken using identical 
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Table 6.1. Regression equations used to predict dry weights of taxa within Broadstone 
Stream. HW = Head-capsule-width; BL = Total body length; BW = Body width. 
Morphometrically similar taxa, shown in square parentheses [ ], were used where 
regression equations were unavailable for the Broadstone taxa. The source of each 
equation is denoted by a letter at the end of each row (see key below). r2values are 
given where available. 
Taxon Yx Regression r. 
2 
equation 
Cordulegaster boltonii (Donovan) Loglo(mg) Logl0HW y= -0.20 + 2.85(x) 0.95 f 
Sialisfifiginosa Pict. Loglo(jxg) Logl0HW y=2.68 + 2.90(x) 0.8'8' b 
Plectrocnemia conspersa (Curtis) Log I 0(gg) Log I OHW 
...... .... y=2.5 8+2.80(x) ... . .............. .. - e 
Pedicia & 6. Dicranota s. [Dicranota sp. LnBL = -5.53 + 1.91(x) 0.54 
S. torrentium. (Pic!! ý! ) ýp Ln(mg) LnHW = -0.27 + 2.7qQýý y 
Platambus maculatus (rictet) n j! ýIg 
__ýn( 
LnHW 
. 
15 + 3.80W 0.55 
Macropelopia goetghebueri (Kieffer) Loglo(gg) Logl0HW y=3.12 + 3.86(x) 0.73 d 
Pentaneurini (+ Corynoneura oblata) 
-. - . ..... ....... 
Loglo(gg) Log I OHW y=3.13 + 3.06(x) 0.4 8d 
. - . Ceratopogonidae, Loglo(mg) LoglOBL y= -3.39 + 2.73(x) 0.56 a 
P. cingulatus r-ed-uct'a-'----- Ln(mg) LnHW y=0.50+2.91(x) 0.58 g 
[Týýckqpteraj 
Other Tipulidae [Tipula abdominalis (Say)] LnBL = -5.30 + 2.36(x) 0.93 c 
Nemurella pictetii Klapalek Loglo(gg) Logl0HW y=2.71 + 3.13(x) 0.80 d 
Leuctra nigra (Olivier) (+ 17. L. hippopus) Loglo(gg) Logl0HW y=2.54 + 2.23(x) 0.64 d 
Prodiamesa olivacea (Meigen) Log I ()(gg) Log 1 ()HW y 3.50 + 2.97(x) 0.69 d 
Heterotrissocladius marcidus (Walker) Loglo(gg) LogloHW y 3.17 + 2.30(x) 0.36 d 
(B. modesty & P. albicorne 
Micropsectra bidentata (Goetghebuer) Loglo(gg) LogloHW y 3.07 + 1.75(x) 0.45 d 
Paraleptophlebia submarginata (Stephens) In(mg) LnHW y -0.83 + 4.25(x) 0.86 g 
_[4ýpý9p41ebiidael Oligochaeta G 7ir2i(1.05»/4 h 
idium sp. Pis 2.23 + 1.97£3ý) a 
- Simulium sp. y . 
ý-7 LnHW 0.20 + 3.32(x) 0.93 
Helodidae (larvae) [Elmidae (larvae)] 1 LnHW y 2.15 + 3.82(x) 0.55 
Niphargus aquilex Schiödte Ln(mg) LnBL y -4.95 + 2.83(x) 0.90 g 
ammarusfioýýgyT Koch] 
Asellus meridianus Racovitza [ A. aquaticus L] Loglo(mg) Loglo(HW)y -3.13 + 1.32(x) 0.34 1 
Cyclopoidea Loglo(mg) Loglo(BL)y=-3.58+2.86(x) 
Key to sources of regression equations: a=L. Greenberg (pers. comm. ); b=J. H. 
Winterbottorn (unpublished data); c= Smock (1980); d= Hildrew & Townsend (1982); 
e= Hildrew & Townsend (1976); f= Woodward (unpublished data); g= Burgherr & 
Meyer (1997); h=S. Rundle (unpublished data); i= JI Jones (unpublished data); j 
Thompson (1978b). 
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methods, and where n ý! 5, were included in the database. These additional sampling 
occasions are listed below: 
1970s 
April, June, August, 
October & December 1974; 
February & April 1975. 
1980s 
December 1985; March, 
May, July, September & 
December 1986; May & 
July 1987. 
1990S 
April, July, December 1995; 
January, 1996. 
Dispersion 
Morisita's Index of Dispersion (1962), given below, was calculated for the 
benthic density of invertebrates: 
1, lx(x - 1A 
EX(EX-1) 
The index is equal to one for a random distribution, greater than one for a 
contagious distribution, and less than one for a regular distribution. Departures from 
randomness are judged significant (at P<0.05) when: 
+n 
2 
is outside the 5% significance levels of X for n-I degrees of freedom (Elliott, 1993). 
Aggregative responses for the predators were calculated by ranking sample-units 
within each month by the biomass of Prey and the associated predator biomass. Biomass 
was Logio (x + 1) transformed, and mean predator and prey biomass was calculated for 
each consecutive category of six sample-units. The proportion of the total biomass 
accounted for by each category was then calculated, to compare responses independently 
of absolute density, which varied over sampling occasions. Responses were compared 
during April and August when prey abundance was at its seasonal minimum and 
maximum, respectively. 
Niche overlap. 
Niche overlap was calculated using Pianka's Niche Overlap Index, given below: 
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Ojk :- Okj -": 
Py Pik 
rý 
Py 
-2Pik 
2 
where Py and Pik are the proportions of the ith resource used by the jth and the kth 
species respectively (Pianka, 1973). This equation generates a single overlap value of 
between zero (no overlap) and unity (complete overlap) for each pairwise comparison. 
The proportions of prey in the diet of each predator species were calculated for all 
possible combinations of species pairs. An index of total overlap within the predator 
guild was calculated as the mean of all pairwise comparisons. 
Statistical analysis. 
Bivariate statistical analyses were carried out using Minitab 11. Data were 
transformed to meet the assumptions of parametric tests. The Loglo (x 
transformation was applied for analysis of benthic density, unless otherwise stated. 
Multivariate analyses were performed with CANOCO 4 (ter Braak & Smilauer, 
1998). Ordinations were tested for unimodality (Axis I length > 4SD) or linearity (Axis 
I length < 4SD) by performing a preliminary Detrended Correspondence Analysis 
(DCA). The spatial distribution of the entire community was analysed using Principal 
Components Analysis (PCA), with month partialled out of the ordination to remove 
seasonality (ter Braak, 1988a). These ordinations were then repeated using Redundancy 
Analysis (RDA), with the species data (invertebrate abundance) constrained by 
environmental variables (e. g. water depth, CPOM density). The significance of 
environmental variables was tested using forward selection, which is analogous to 
stepwise regression in bivariate analysis. The spatial distribution of the predators was 
also analysed using RDA; forward selection was used to identify the principal 
environmental variables, including prey density that determined the density of each 
predator species, after month was partialled out of the ordination. The significance of 
each variable was tested using Monte-Carlo simulations (n = 999). This analysis 
provided insight into whether predator density responded to prey density or habitat 
variables. Both numerical abundance and biomass were used as measures of benthic 
density, and were Logio (x +1) transformed prior to these analyses. 
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The diet of the predators was analysed using Canonical Correspondence Analysis 
(CCA). The predators were divided into size-classes within species as binary coded 
dummy variables (Table 6.2). These dummy variables were entered as the species data, 
with the composition of the diet entered as the environmental data by which the 
ordination was constrained. Because the ten instars of S fuliginosa could not be 
separated with certainty the larvae were divided into size classes equivalent to P. 
conspersa instars (after Townsend & Hildrew, 1979). The same approach was used with 
C boltonii because segregating the diet into each of the 14 instars resulted in excessively 
small sample sizes. Because late instar C boltond were considerably larger than large 
P. conspersa and S. fuliginosa two additional size classes, 'C b 6' and 'C b 7', were 
assigned for this species. Tolerance levels were fitted around each predator size-class to 
represent niche space in the first two axes; the boundary surrounding each predator size 
class corresponded to a plane taken through a bell-shaped curve. Tolerance levels were 
elliptical, rather than circular, if predator size classes responded differentially to the two 
ordination axes. An increase in the area of each ellipse represents a broadening of the 
feeding niche. 
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Table 6.2a. Size-classes of predators used in multivariate analyses, and corresponding 
range of larval instars. 
Note Instar I was omitted for the tanypods because this instar is detritivorous. 
Size 
class 
Head 
capsule 
width 
Predator species Instar Size 
class 
Head 
capsule 
width 
Predator species Instar 
cl 0.39-0.51 C boltond I M2 0.2-0.29 M goetghebueri 2 
c2 0.52-0.61 2 M3 0.3-0.5 to 3 
c3 0.62-0.94 3&4 M4 >0.6 if 4 
c4 0.95-1.67 5-7 T2 0.2 T longimana 2 
c5 1.68-3.49 8-10 T3 0.3-0.4 of 3 
c6 3.50-5.40 11 & 12 T4 0.5 to 4 
0 >5.50 13 & 14 Z2 0.2 Z barbatipes 2 
pl/sl <0.45 P. conspersal 1/(? ) D 0.3 to 3 
S. fuliginosa 
p2/s2 0.45-0.7 it 2/(? ) Z4 >0.4 of 4 
p3/s3 0.7-1.2 01 3/(? ) it 
p4/s4 1.2-1.8 it 4/(? ) it 
p5/s5 >1.8 to 51(? ) if 
Table 6.2b. Codes used to denote prey taxa in multivariate analysis. Prey are arranged 
in descending order of decreasing body size. Aquatic and terrestrial prey are in separate 
columns. Mobile and sedentary taxa are denoted by 'm' and 's', respectively. 
Detritivorous chironomids are divided into tube-dwellers ('t') and free-living taxa ff ). 
Epibenthic and interstitial taxa are denoted by 'e' and 'i', respectively. ). Species traits 
of chironomids were supplied by P. E. Schmid (pers. comm. ). 
Code Taxon M/s e/I Code Taxon m/s e/i 
Cb Cordulegaster boltonii s e 
Ped Pedicia sp. m i? 
S. f Sialisfuliginosa m i 
P. c Plectrocnemia conspersa m e 
Dic Dicranota sp. m i? 
S. t Siphonoperla torrentium m e? 
P. ci Potamophylax cingulatus m e 
N. p Nemurella pictetii m e 
L. n Leuctra nigra s i 
mg Macropelopia goetghebueri s i 
TI Trissopelopia longimana m i 
Zb Zavrelimyia barbatipes m i 
Cer Ceratopogonidae m i 
Sim Simulium sp. s e 
Tip Tipulidae ? i 
P. 0 Prodiamesa olivaceae f i 
B. m Brillia modesta f i 
Mb Micropsectra bidentata t i 
Het Heterotanytarsus sp. f? i 
P. a Polypedilum albicorne grp f i 
H. m Heterotrissocladius marcidus f i 
Cyc Cyclopoidea m e 
Terr Terrestrial invertebrates na na 
Ac Acari na na 
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Results. 
Sialis fuliginosa, Plectrocnemia conspersa and the tanypods were recorded 
within Broadstone throughout all sampling occasions during the last twenty-five years 
(Fig. 6.1). The invading predator, C boltonfl, occurred only occasionally and in very 
low numbers before the mid-1990s. There was a progressive trend in the peak 
abundance of the large predators, in the order Plectrocnemia conspersa 4 Sialis 
fuliginosa 4 Cordulegaster boltonii, over the three decades. The tanypods followed 
similar, but less marked, long-term shifts in abundance to C boltonfl, increasing 
progressively from the 1970s to the 1990s. 
Seasonally, invertebrate density peaked during the summer and autumn, 
following oviposition, and then declined over the winter (Fig. 6.2). However, the 
interaction between species and month suggested a degree of temporal separation among 
the predators (Table 6.3). The density of P. conspersa peaked in October, but was 
lowest in August, when the other predators were at their peak. These patterns reflected, 
to some extent, differences in the life-histories of the six species; the minimum larval 
density of S. fuliginosa corresponded with adult emergence (Table 6.4). Mean density, 
and the magnitude of seasonal fluctuations, generally decreased with the size and trophic 
status of the predator species; i. e. Pentaneurini >M goetghebueri > P. conspersa > S. 
fuliginosa >C boltonii (Table 6.3b). 
The spatial distribution of the community appeared to be structured by flow and 
associated habitat features (Fig. 6.3a&b). There was a clear gradient from fast-flowing 
stony habitats, with little CPOM, to stagnant muddy pools with a dense layer of CPOM. 
Significant predictors of community structure (at P <0.05) were CPOM, surface flow, 
near-bed flow, depth and sandy substrata (Fig. 6.3. b). Most taxa were associated with 
the more retentive habitats; the notable exceptions were Simulium sp. and Siphonoperla 
torrentium, which favoured fast-flowing habitats. Sialis fuliginosa and the tanypods 
were associated particularly strongly with stagnant habitats with a dense layer of CPOM, 
whereas P. conspersa and C boltonii were most abundant in areas of intermediate flow 
and CPOM density. 
The distribution of predators and prey departed significantly from randomness; 
all taxa, and especially the chironomids, were distributed contagiously throughout the 
year (Table 6-5). Prey density was a stronger predictor of predator density than habitat 
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Figure 6.1. Long-term shifts in the density of benthic macroinvertebrates within 
Broadstone Stream over three decades. Bars =±I SE. 
Additional samples where only the large predators C boltonfl, S. fuliginosa and P. 
conspersa were counted are indicated by open squares. 
6- C boltonii 
3- 
0 _Mir 
20- 
S. fuliginosa 
10- 
0 
30- 
P. conspersa 
15- 
30- Macropelopini 
15- 
kn 
Cý4 
110 
C) 0__ 
100- Pentaneurini 
50- 
XIJ 
0 
150- 
N. pictetii 
75- 
0 
500- 
L. nigra 
250- 
650- H marcidus 
325- 
0- 
3j 
90- 0ý! -- 
2000- 
Total invertebrates 
1000- 
3e 
0- 1- F---T--T--ý IIIIIIIIIII 
DJDJDJDJDJDJDJDJDJ 
1973-1975 1985-1987 1994-1997 
161 
Sampling occasion 
Figure 6.2. Seasonal variations in the mean abundance and biomass of the six major 
predators and their dominant prey within Broadstone Stream (May 1996 - April 1997; bars =± ISE. ). 
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Benthic density: - Abundance Biomass 
Table 6.3a. GLM of predator abundance for the six dominant predator species over six 
sampling occasions. 
Df F-ratio p 
Month 5 15.61 <0.001 
Species 5 47.49 <0.001 
Species * month 25 3.58 <0.001 
Table 6.3b. Oneway ANOVA comparing predator abundance within months, with 
Tukey-Kramer pairwise comparisons. Key to predator species in pairwise comparisons : 
I=C boltonfl; 2=S. fuliginosa ;3=P. conspersa ;4= Mgoetghebueri; 5=T 
longimana; 6=Z barbatipes. 
Df F-ratio P Pairwise comparisons 
May 5 12.60 <0.001 I < 3,5,6; 2<5; 3<5; 4<5; 5 <6 
August 5 18.56 <0.001 I < 4,5,6; 2<4,5,6; 3<4,5,6 
October 5 5.70 <0.00 I I < 41,5,6; 2<5 
December 5 11.06 <0.00 I I < 3,5,6; 2<5; 3<4; 4<5; 5<6. 
February 5 4.46 0.001 1 < 2,3,4,5 
April 5 13.04 <0.001 I < 3,5,6; 2<5; 3>4; 4<5,6; 5<6 
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Figure 6.3. a. Principal Components Analysis of the Broadstone Stream community 
(species scores). Month was partialled out of the ordination. Left hand panel 
depicts entire ordination, right hand panel shows a subset of the ordination. Vectors 
are shown by arrows, centroids by filled squares. 
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Figure 6.3. b. Redundancy Analysis of the Broadstone Stream community (species 
scores). Month was partialled out of the ordination. The ordination was constrained 
by environmental variables that were significant at P<0.05 (highlighted in bold); other 
environmental variables were fitted passively. Left hand panel depicts entire 
ordination, right hand panel shows a subset of the ordination. 
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Table 6.5 Morisita's Index of Dispersion, 18, for the six dominant predator species, and 
three dominant prey species within Broadstone Stream between May 1996 - April 1997. 
The distributions of all taxa were significantly different from randomness (18 = 0) at P< 
0.05 on each sampling occasion. All distributions were contagious. 
I May August October December February April 
Predator species 
C boltonii 
S. fuliginosa 
P. conspersa 
M goetghebueri 
T longimana 
Z barbatipes 
Prey species 
N. pictetii 
L. nigra 
H. marcidus 
2.5 1.6 2.0 1.4 2.1 1.6 
1.7 2.6 1.9 2.4 1.8 1.8 
1.8 2.1 2.0 1.8 1.5 1.7 
3.0 2.6 2.0 4.1 2.3 3.3 
3.1 2.0 1.7 2.1 2.7 2.0 
2.5 3.0 2.4 2.8 3.4 4.6 
2.2 3.9 2.0 2.1 1.7 2.0 
2.0 4.0 2.5 1.7 1.9 2.0 
3.4 3.5 3.4 5.3 3.8 3.5 
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variables; all predators exhibited significant responses to prey density, with 20% - 47% 
at P <0.001 of each predator species' density being explained by prey abundance or 
biomass (Table 6.6). The only exception was the response of C boltonii abundance to 
sandy substrata, possibly because such fine and unconsolidated substrata offered the 
least resistance to burrowing (Prodon, 1976). However, this response accounted for only 
9.9% of the total variation in the distribution of C boltonii. In contrast, C boltonii 
biomass showed a strong significant response to total prey biomass. The strength of the 
response also increased for S. fuliginosa and M goetghebueri when biomass, rather than 
abundance, was used as the measure of benthic density. However, the opposite was true 
for P. conspersa. The smaller tanypods showed significant responses to total prey, for 
both abundance and biomass. When aggregative responses were constructed for August 
and April (Fig. 6.4), all predators exhibited aggregative responses to total prey density, 
and to individual prey taxa. There did not appear to be plateaux at which predator 
density stopped increasing with prey density, even during peak prey density in August. 
Intraguild predation was frequent and reflected differences in body size (Fig. 
6.5). Mutual predation and cannibalism (circular feeding links in Fig. 6.5) occurred 
where there were strong body-size assymmetries; large predators consumed smaller 
predators, regardless of their taxonomy. Top-down predation could be intense; on 
occasions a single feeding link could account for 10-20% of the standing crop of the 
(prey' population. Reciprocal predation (arrowed links in Fig. 6.5), however, was 
generally much weaker, and was mostly restricted to interactions among the tanypods 
and between P. conspersa and S fuliginosa (although these two latter predators were 
consumed by the larger tanypods in the summer and autumn). The number of intraguild 
feeding links was highest during the summer and autumn, when the size-range of all 
species was greatest because of overlapping generations, but declined subsequently as 
size differences among the six species became more distinct. Despite their low 
abundance, compared with the numerically dominant tanypods, the populations of the 
large predators could exert relatively strong predation pressure upon the smaller species. 
All six predator species ate virtually every animal taxon smaller than themselves. 
Niche overlap among the predators was highest among similar trophic levels (Fig. 6.5). 
However, overlap varied considerably over time; overlap was extensive in the summer 
and autumn, even between the largest and smallest species, but limited in winter and 
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Table 6.6. Significant predictor variables of predator abundance (at P <0.05) identified 
using forward selection of environmental variables during RDA. Ordinations using 
abundance and biomass as the unit of invertebrate density are prefixed by 'a. ' and 'b-', 
respectively. The 'Total prey' categories excluded higher trophic levels; e. g. C boltonii 
density was not used to predict S. fuliginosa density. 
Predator species Predictor variable % variation explained F-ratio P 
Constraining Axis I 
C boltonii a. Sand 9.9% 5.6 0.012 
b. Total prey 25.7% 18.35 <0.001 
S. fuliginosa a. Ceratopogonidae 9.4% 10.23 0.003 
b. Total prey 19.6% 24.82 <0.001 
P. conspersa a. Total Prey 23.3% 35.21 <0.001 
b. T longimana 14.8% 20.16 <0.001 
b. Total prey 7.1% 8.85 0.006 
M goetghebueri a. Z barbatipes 47.0% 71.07 <0.001 
a. P. olivaceae 25.6% 27.47 <0.001 
a. H. marcidus 20.9% 21.09 0.002 
a. Total prey 18.9% 18.67 <0.00 I 
b. Total chironomids 23.7% 24.79 <0.00 1 
T longimana a. Total prey 28.9% 53.95 <0.001 
b. Total prey 25.8% 45.53 <0.001 
Z barbatipes a. Total Prey 19.9% 23.09 <0.001 
b. Total prey 19.1% 22.18 <0.001 
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Figure 6.4. Aggregative responses of the dominant predators within Broadstone Stream 
during peak prey abundance (August) and minimum prey abundance (April). 
Note :x and y axes are expressed as the proportion of total biomass (Log 10 (x + 1) mg dry weight 
0.0625m-2) per category of prey biomass. Prey biomass was ranked, and the mean of each block of six 
successive samples taken. The 'total prey' category excludes higher trophic levels. 
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spring. When the total overlap within the predator guild was plotted alongside total 
invertebrate abundance (Fig. 6.6), there was a clear expansion and contraction of the 
feeding niche over time, which covaried with changes in resource availability. The total 
predation pressure exerted by the predator guild and the quotient of non-predatory 
chironomids to total predator abundance followed similar seasonal patterns. 
The large predator species favoured large prey species (greater than or equal to 
the size of stoneflies), whereas the tanypods preyed almost exclusively upon small prey 
species (non-predatory chironomids and other tanypods). Cordulegaster boltonii took 
the largest prey; both P. conspersa and S. fuliginosa were preyed upon selectively. The 
feeding niche of the predators expanded during ontogeny, as progressively larger prey 
were added to the diet. Such size-related patterns were also apparent across species; 
even the large predators also took small prey, although they were relatively disfavoured. 
Consequently, the number of prey taxa and size-range of prey included in the diet was 
greatest for large C boltonii and least for small Z barbatipes. Diet overlap was greater 
among similar-sized predators of different species, particularly among the smaller size 
classes, than among large and small members of the same species (Figs. 6.7 & 6.8). 
Small predators, regardless of species, overlapped considerably in diet, whereas the 
larger size classes showed more distinct taxonomic differences. There was also a trend 
for the searching predators to separate along the second axis, and for the sit-and-wait 
predators to separate along the first axis. These trends reflected differing prey and 
predator mobility, overlain upon an underlying pattern of size-related handling 
constraints. The searching predators were associated with sedentary prey (e. g. 
Tipulidae, Leuctra nigra and detritivorous chironomids such as Prodiamesa olivaceae). 
However, the sit-and-wait predators were associated with mobile prey (e. g. Cyclopoidea, 
pentaneurids, Nemurellapictetii, Siphonoperla torrentium, Plectrocnemia conspersa and 
Sialisfuliginosa). Plectrocnemia conspersa's feeding niche fell almost entirely within 
C boltonii's niche space, whereas & fuliginosa overlapped less with the invader, 
especially in its later instars. 
Figure 6.9 represents several measures of 'feeding success'. The 'quality' of 
food, in terms of potential predator production per prey item, decreases progressively 
from Fig. 6.9a. to Fig. 6.9e. Figures 6.9a-c include only animal prey, with a decreasing 
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Figure 6.6. Seasonal shifts in total invertebrate abundance (mean ±1 SE), total 
predation pressure, predator diet overlap and the quotient of chironomid density to 
predator density, for the six dominant predators within Broadstone Stream between 
May 1996 - April 1997. 
Niche overlap values are means of pairwise comparisons among predator species. 
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Figure 6.7. CCA species scores for analysis of predator diets during August 1996. 
Ellipses encircle tolerance limits for individual predator instars, providing a measure of 
niche space. Predator instars are denoted by unformatted text, centroids for prey taxa 
recorded in predator guts are denoted by italicised text. Keys for species codes are 
given in Table 6.2. Inset graph (bottom right) highlights the subset of small predator 
instars within the main figure. 
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Figure 6.8. CCA species scores for analysis of predator diets during April 1997. 
Ellipses encircle tolerance limits for individual predator size-classes, providing a 
measure of niche space. Predator size-classes are denoted by unformatted text, 
centroids for prey taxa recorded in predator guts are denoted by italicised text. Keys 
for species codes are given in Table 6.2. 
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Figure 6.9. Seasonal shifts in feeding among the predator assemblage of Broadstone 
Stream. 
Food categories are arranged vertically in a general order of decreasing food quality; 
from the larger invertebrate taxa to FPOM. 
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trend of prey body size. Among the non-animal prey, algae are generally a richer food 
source than FPOM (Benke & Wallace, 1997; Ledger, 1997). Many predator guts 
contained no macroinvertebrate or cyclopoid prey, especially in the winter and among 
the smaller species (Fig. 6.9a). Among those guts that contained these prey types, the 
proportion of prey that were small (<O. I 5mm) increased with decreasing predator size, 
and these small prey were most frequent in the summer and autumn (Fig. 6.9. b). The 
proportion of guts containing other meiofaunal taxa (harpacticoids, ostracods, protozoa 
and unidentified spherical 'cocoons') was higher in the tanypods than in the larger 
predators (Fig. 6.9. c). Cocoons, which may have been rhabdocoels (see Hildrew et al. 
1985), were particularly abundant in tanypod guts during the summer, often occurring in 
densities in excess of ten per gut. Algae were rarely recorded in predator guts, except 
for Macropelopia goetghebueri. This species consumed diatoms frequently and often in 
large numbers (2.0 cells per gut in August), especially in the summer (Fig. 6.9. d). 
FPOM was infrequent in the guts of the large predators, and its occurrence was restricted 
to the smallest size-classes, which were most abundant in the summer. However, FPOM 
was found relatively frequently in tanypod guts (Fig. 6.9. e), again especially in the 
smallest size classes. Seasonal shifts in the diet of the predators reflected the availability 
of prey. For example, the tanypods took large numbers of small chironomids in the 
summer and autumn, when these prey were abundant, but became relatively more 
detritivorous as the abundance of chironomids fell. 
The range and median size of ingested prey increased with predator size; the 
size-distribution of prey was separated most strongly between the two largest and the 
three smallest predators (Fig 6.10). Plectrocnemia conspersa was intermediate between 
the other large predators and the tanypods. The degree of prey size overlap varied both 
temporally and among species; Plectrocnemia conspersa overlapped extensively with 
both the large and small predators in August, but was separated most strongly from the 
tanypods in April. 
Predators tended to occupy similar habitats to their favoured prey. For example, 
the tanypods preyed mostly upon detritivorous chironomids, to which they had the 
strongest aggregative response; both taxa favoured dense patches of CPOM in stagnant 
areas. This habitat-scale pattern was overlain with an effect of microhabitat overlap; 
epibenthic prey (e. g. N. pictefli and P. conspersa) were favoured by the epibenthic 
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Figure 6.10. Boxplots of biomass of individual prey items present in the guts (clear 
boxplots) of six predator species and the corresponding predator biomass (shaded 
boxplots) within Broadstone Stream over six sampling occasions. 
Predator species (see key below) 
1. Cordulegaster boltonii 4. Macropelopia goetghebueri 
2. Sialisfuliginosa 5. Trissopelopia longimana 
3. Plectrocnemia conspersa 6. Zavrelimyia barbatipes 177 
predators (C boltonii and P. conspersa), and interstitial prey (e. g. chironomids and L. 
nigra) were favoured by interstitial predators (tanypods and S. fuliginosa). 
The generalist feeding of the predators resulted in highly interconnected predator 
overlap graphs (Fig. 6.11; sensu Cohen, 1978). Most prey species shared at least one 
predator. Overlap was greatest between the largest predator species, with the broadest 
diets. 
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Figure 6.11. Predator overlap graphs of the Broadstone Stream assemblage, for pairs 
of predator taxa. Links join species which are preyed upon by both predator taxa. 
Because the the tanypod species had identical feeding links, they were treated as a 
single 'trophic species' (sensu Cohen, 1978). 
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Discussion 
The resident predators formed part of a 'core community' of taxa that were 
present on each sampling occasion during the past twenty-five years. The invading 
predator, C boltonii, was recorded occasionally prior to the mid- I 990s, but only in very 
low numbers. The large predators showed a clear separation over large time-scales: 
Plectrocnemia conspersa, Sialis fuliginosa and Cordulegaster boltond peaked in 
abundance in the 1970s, 1980s and 1990s, respectively. These shifts within the predator 
guild may be a consequence of a long-term amelioration of acidity within Broadstone 
Stream (Chapter 3). The tanypods showed similar, but less marked patterns, to C. 
boltonii, even though the density of their chironomid prey declined over this period (the 
abundance of H marcidus is shown in Fig. 6.1 as a representative of the detritivorous 
chironomid assemblage). The recent increased abundance of the tanypods may reflect a 
release from predatory and competitive interactions with P. conspersa and S fuliginosa, 
possibly as an indirect consequence of the invasion of C boltonii. If this is true, then the 
increased abundance of the small predators may represent atrophic cascade resulting 
from the negative impacts of the new top predator upon the mesopredators (e. g. 
Courchamp et al., 1999). 
Seasonal changes in the densities of predators and prey reflected a large pulse of 
recruitment during summer oviposition, followed by a progressive decline over the 
ensuing months. At a finer temporal scale, there was a degree of separation among the 
predators that reflected, to some extent, differences in life-history. Thus, at least some 
seasonal differences in the abundance of the six species may reflect innate phenological 
differences, rather than being related directly to competition or predation. However, the 
abundance of the tanypods declined markedly following the summer peak in 
recruitment, suggesting that strong exploitation by the other predators (and conspecifics) 
had a dramatic effect upon these smaller species. The larger species appeared less 
affected by top-down control, even though cannibalism could be intense. 
The spatial structure of the community appeared to be determined by flow and 
the availability of CPOM. Invertebrate abundance increased with CPOM for many 
species (especially the numerically dominant chironomids) for most of the year. 
Because habitat complexity increases with CPOM density, and this reduces capture 
efficiency of C boltonii and P. conspersa, the weaker associations of these predators 
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with CPOM may reflect habitat selection based upon areas of 'maximum profitability' 
rather than prey abundance per se. Also, the taxa that were associated with intermediate 
densities of CPOM (e. g. Nemurella pictetii, Potamophylax cingulatus) were larger and 
therefore more profitable per unit individual than those associated with the densest leaf- 
packs. The interstitial predators, Sialisfuliginosa and the tanypods, however, were more 
strongly associated with dense leaf-packs and preyed extensively upon the chironomids 
that favoured these habitats. Although the numerical abundance of the predators 
appeared to respond differentially to CPOM, each of the six predators showed stronger 
aggregative responses to prey, especially total prey biomass. These results support 
previous research that demonstrated that P. conspersa and S. fuliginosa exhibited 
stronger associations with prey than with hydrological or physical habitat characteristics 
(Townsend & Hildrew, 1979); these patterns held true for all six predators in the current 
study. The only exception was the abundance of C. boltonii, which was associated with 
sandy substrata, presumably because finer particle sizes offer less resistance to 
burrowing (Prodon, 1976; Corbet, 1999). However, this response to substratum was less 
significant than the response to prey when biomass was used as the measure of benthic 
density, rather than abundance. This suggested that the larger C. boltonii were 
aggregating more strongly with prey than the smaller nymphs. Microhabitat separation 
of size-classes is well-documented among dragonflies and serves to reduce cannibalism 
and competition (Corbet, 1980). Despite these subtle differences in predator 
distribution, all size-classes of each species could be found within virtually every 
habitat. 
The number of shared feeding links among the predators was high; the 
taxonomic composition of the diet of each predator species was effectively a subset of 
the diet of the next largest species (see food webs for Broadstone Stream in Hildrew et 
al., 1985; Lancaster & Robertson, 1995; Chapter 7). Because the Broadstone benthos is 
being constantly redistributed (Townsend & Hildrew, 1976), a wide range of potential 
prey species are likely to be encountered by a predator; this probably accounted for the 
diversity of prey in the diet of all six species. However, when this apparent generalism 
was subjected to more detailed scrutiny, subtle differences in the composition of the diet 
among the predators emerged. The most obvious differences could be ascribed to size- 
dependent handling constraints; these constraints appeared to be overlain with an effect 
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of differential encounter rates and capture efficiency. The size of the prey eaten 
increased with the size of the predator, presumably because large mouthparts were 
inefficient at handling small prey and larger prey presented stronger stimuli to Predators 
(Galbreath & Hendricks, 1992). The upper size limit of prey appeared to be limited by 
the gape of the predator, although P. conspersa probably took relatively large prey 
immobilised in the net (Townsend & Hildrew, 1979). However, animals above a size 
threshold may be perceived as potential predators, and therefore not attacked. 
Generally, the larger predators took a greater proportion of large prey, and the quality of 
food also appeared to increase with predator size. Even when the tanypods and the large 
predators were feeding upon the same prey species, the tanypods ate small prey that 
were rarely taken by the other predators (Fig. 6.9b); this may have provided a means by 
which resources were partitioned. However, the consumption of these small prey by the 
tanypods could have a negative effect upon the larger predators over a longer time-scale. 
Because prey are not reproducing continually, there is probably little scope for 
compensatory replacement of prey that are consumed. Consequently, the consumption 
of small prey by the numerically dominant tanypods might depress the availability of 
prey for the larger predators at a later date. The long-term increase in the tanypods since 
the 1970s was mirrored by a decline in prey abundance, particularly in the summer (Fig. 
6.1); this greater seasonal damping may have arisen from increased consumption of 
early instar prey by the tanypods. 
Encounter rate is dependent upon predator and prey mobility and spatial overlap 
(Werner, 1991; Johansson, 1993; Sih, 1993). Encounter rate will be higher for mobile 
prey than for sedentary prey, especially for sit-and-wait predators. Plectrocnemia 
conspersa's net restrains even very active prey, and the rapid labial strike of C. boltonii 
is effective at capturing fast-moving prey. However, S. fuliginosa and the pentaneurids, 
which pursue their prey, may have difficulty in catching very active species, such as 
Nemurella pictefli, even though encounter rate may be high (cf Tikkanen et al., 1997). 
This may explain the prevalence of less mobile taxa, such as Leuctra nigra, 
ceratopogonids and chironomids, in their diet. In addition, these sedentary prey 
occupied similar habitats to those favoured by the searching predators, and were also 
predominantly interstitial. Because the active predators burrow through the substratum 
when hunting, interstitial prey will be encountered more frequently than the epibenthic 
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species favoured by the other two predators. Mobile, epibenthic taxa, such as N. pictefli, 
P. conspersa and cyclopoid copepods were associated with the diets of the sit-and-wait 
predators. 
Although there was a degree of dietary differentiation among the predators, it 
was generally restricted to the larger and rarer size-classes of the largest species; most 
predators overlapped considerably in their diets. This suggested that interspecific 
competition for food may be intense, especially among similar size-classes and foraging 
modes, if food is limiting. The high proportions of predators with empty guts (see also 
Hildrew & Townsend, 1982; Lancaster & Robertson, 1995) suggested that prey were 
limiting in Broadstone; most predators appeared to be on the verge of starvation, 
especially in the winter. Further, the high consumption rates measured under laboratory 
conditions for C boltonii appeared to be rarely, if ever, approached in Broadstone 
(Chapter 4). 
The trophic relationships among the predators were complex and largely driven 
by size. Each of the three large species could potentially shift its trophic position from 
prey, to competitor, to predator of the other species, over the course of ontogeny. 
Similar relationships occurred among the tanypods, and the larger tanypods also 
consumed small P. conspersa and S. fuliginosa. However, because mutual predation 
was size-driven, it was asymmetric among predator species; the smaller species were far 
more likely to be consumed by the larger species than vice-versa. In addition to these 
interspecific interactions all six species were cannibalistic, and often preyed selectively 
upon smaller conspecifics. Although theory predicts that mutual and cannibalistic 
feeding loops should be rare because they destabilise food web structure (Pimm, 1982), 
density-dependent cannibalism can exert strong regulation invertebrate populations, and 
is widely reported among teleost fish (Van Buskirk, 1989; Smith & Reay, 1991; Anholt, 
1994; Fincke, 1994; Hopper et al. 1996). 
In field and laboratory experiments, C boltonii exerted strong predation pressure 
upon both P. conspersa and the smaller predator's favoured prey, the stonefly Nemurella 
pictefli (Chapters 4& 5). The diet of P. conspersa was very similar to that of similar- 
sized C boltonii; P. conspersa passed through the invader's feeding niche, and the final 
instars, which overlapped less with C boltonfl, were strongly favoured as prey by large 
C boltonii. Also, because C boltonii had wider feeding niches than similar-sized P. 
183 
conspersa, P. conspersa had less 'free' niche space than the invading predator. Previous 
research suggested that P. conspersa may coexist with S. fuliginosa when prey are 
scarce by taking terrestrial prey and large stoneflies, which are taken rarely by S 
fuliginosa (Townsend & Hildrew, 1979). However, C boltonii preyed upon both of 
these prey categories frequently, reducing the potential for P. conspersa to partition 
resources with S. fuliginosa. Because C boltonii occupied similar habitat and dietary 
niches, and preyed selectively upon P. conspersa, there may be strong negative 
interactions due to both competition and predation. Thus, both lateral (competition) and 
vertical (predation) interactions within the food web could explain the separation of the 
two species at large temporal scales, and at the spatial scale of stream reaches (Fig. 6.1; 
Chapter 3). We might expect that P. conspersa would continue to decline in abundance 
if the invasion of C boltonii proceeds and intensifies. Dual competition-predation 
interactions may be particularly deleterious for P. conspersa, and may account for their 
apparent recent demise following the invasion of C boltonii (Chapter 3). Such mixed 
trophic interactions may be common in nature (Wissinger, 1989; Dick & Platvoet, 1996; 
Polis et al., 1989). 
Although Sialis fuliginosa were favoured strongly as prey of large C. boltonii, 
there was less dietary overlap with the invader, especially among the larger instars. 
Consequently, Sfiuliginosa appeared less likely to be affected by competition with the 
invading predator, due to stronger resource-partitioning, although its abundance may be 
depressed by predation. The tanypods may benefit from the invasion of the new 
predator, as an indirect result of negative interactions between C boltonii and the 
previous top predators. An additional consequence of the recent increase in tanypod 
abundance may be that small chironomids are more rapidly depleted; these prey taxa 
provided another means by which P. conspersa previously partitioned food with S. 
fuliginosa (Townsend & Hildrew, 1979). The overlap in prey size in the guts of P. 
conspersa and the tanypods (especially M goetghebueri), may therefore have 
particularly negative consequences for P. conspersa, especially as the smaller predators 
appeared to have food refugia in the form of small prey, algae and FPOM. In addition, 
T longimana preyed upon small P. conspersa following summer recruitment of the 
larger species, an example of what Polis et al (1989) refer to as an "ontogenetic 
reversal". A possible consequence of eating small P. conspersa may be that top-down 
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predation is reduced at a later date by suppressing recruitment to the larger size classes 
of P. conspersa; such a mechanism might favour the coexistence of the tanypod with the 
larger predator (Polis et al., 1989) 
Ontogenetic reversals emerged in several other pairwise combinations of the 
Broadstone predators (Fig. 6.5). For example, in the interaction between & fuliginosa 
and M goetghebueri; the tanypod feeds on the larger species in October, but the 
interaction is reversed at other times of the year. Intriguingly, these ontogenetic 
reversals occurred predominantly where one protagonist is a sit-and-wait predator, and 
the other is a searching predator (i. e. P. conspersa ++ & fuliginosa; P. conspersa <-> T 
longimana; S. fuliginosa 4-> M goaghebueri; M goetghebueri <-> T longimana). These 
interactions were detected in seven instances, but only once where both predators 
employed the same foraging mode (Z barbatipes <-> T longimana). 
The increase in detritivorous relative to predatory feeding seen in the tanypods 
when prey were scarce reflected the patterns reported by Hildrew et al (1985). This 
dietary switch, which reduced niche overlap with the larger predators, may reflect an 
active, rather than passive, process (Hildrew et al., 1985). This could be a consequence 
of balancing the conflict between the declining benefits derived ftom searching for 
progressively scarcer prey with the increased risk of predation from the larger predators 
incurred whilst hunting (Sih, 1993). By feeding on a poorer resource the tanypods may 
coexist with the larger predators by reducing the risk of predation; resource-partitioning 
might, therefore, be incidental, as intraguild predation may exert stronger selective 
pressure than competition alone (Polis et al., 1989). 
In summary, all six predators interacted within the food web, either vertically, as 
predators and prey, and/or laterally, as potential competitors. Body-size determined 
trophic status and, therefore, the principal direction of intraguild predation. The largest 
species, C boltond was preyed upon only by conspecifics, whereas the smallest species, 
Z barbatipes, was preyed upon by all of the five larger predators. However, the 
direction of predation could reverse when small larvae of the large species coexisted 
with large larvae of the small species. Cannibalism also occurred among all six species, 
again when there were strong body-size asymmetries between coexisting larvae. In 
addition to these vertical and looping interactions within the food web, the three 
indicators of competition listed by Begon et al (1996) also appear to be operating within 
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the predator guild. First, the potential competitors exhibited some degree of niche 
differentiation (cf Pianka (1973) and Lawlor (1980)). Second, this differentiation was 
exhibited primarily as morphological differences (cf Hutchinson, 1959) that were 
manifested as handling constraints. Third, the abundance of the two species that 
exhibited little differentiation, C. boltonii and P. conspersa, was negatively correlated 
both over large time scales and spatially at the scale of 50m stream reaches (Chapter 3), 
suggesting that the larger invader may be excluding the smaller resident species. 
In addition to interactions among the predators, the intense and generalist nature 
of predation within Broadstone Stream may result in strong competition among prey for 
4enemy-free space' (Holt & Lawton, 1994). The high connectance within the predator 
overlap graphs suggested that there may be many such interactions. It may be that the 
apparent stability of the Broadstone community is a function of the complexity of the 
food web; rare prey may suffer disproportionately intense predation because the 
presence of a wide variety of alternative prey supports a large number of polyphagous 
predators (Holt & Lawton, 1994). Consequently, it may be difficult for new prey 
species to invade the food web; it is suggestive that the only major invasion of the food 
web during the past twenty-five years has been that of a new top predator. Further 
research should be directed at examining these relationships experimentally. 
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Chapter 7 
Invasion of a complex food web by a new top predator. 
Introduction 
This chapter addresses the invasion of the Broadstone Stream (Hildrew et al., 
1985; Lancaster & Robertson, 1995) by a new top predator, the nymph of the 
Golden-ringed Dragonfly, Cordulegaster boltonii Donovan (Anisoptera: 
Cordulegasteridae). The "invader" has actually been recorded in Broadstone 
previously, although only occasionally and at very low densities (Lancaster & 
Robertson, 1995). The invasion started in the summer of 1995, following which C 
boltonii was found at a mean density of over 70 M-2 , comparable with densities of the 
previous top predators (Chapter 3), the larvae of Sialisfuliginosa Pict. (Megaloptera: 
Sialidae) and Plectrocnemia conspersa (Curtis) (Trichoptera: Polycentropodidae). 
Although food webs provide an important conceptual link between 
population and community ecology there are still few well-characterised webs in the 
literature (Cohen et al., 1993; Hall & Raffaelli, 1993). Most food web theory has 
developed from two main sources: a small number of 'real' food webs of variable 
quality (see Cohen, 1978; Pimm, 1982; Briand, 1983), and simulated webs modelled 
using the techniques pioneered by May (1972,1973). The principal predictions of 
early theoreticians, apparently supported by the empirical food webs, were that webs 
would be simple and food chains short (Pimm, 1980a, 1982). Complex trophic 
interactions, such as omnivory (feeding at more than one trophic level), feeding 
loops (e. g. species a eats species b eats species a), and cannibalism, should be rare 
because of their destabilising effects upon web structure (Pimm, 1982; Yodzis, 
1984). This negative relationship between complexity and stability, which 
contradicted earlier ideas (see Elton, 1927,1958; MacArthur, 1955), has been central 
to community ecology for over two decades (Polis, 1998). 
However, early food web theory has increasingly been criticised in recent 
years (Polis, 1998). Several authors have argued that the poor quality of most 
empirical data (see Cohen, 1978; Briand, 1983; Briand & Cohen, 1984) undermines 
the validity of theoretical predictions derived from them (Paine, 1988; Hall & 
Raffaelli, 1993; Polis, 1994). Notable shortcomings of the early food webs are that 
some are merely subsets of larger webs, some infer the presence of feeding links (see 
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Cohen, 1978) and most are poorly resolved taxonomically, particularly among the 
lower trophic levels (Hildrew, 1992). Several contain biological impossibilities, such 
as crustaceans and birds described as basal species (see Briand, 1983; Briand & 
Cohen, 1984). These catalogues of webs have been used by various authors to 
formulate models, to compare 'real' webs with models and to analyse structural 
patterns among these supposedly natural systems (Hall & Raffaelli, 1993). 
Many of the more recently published food webs, including that of Broadstone 
Stream (see Lancaster & Robertson, 1995), bear little resemblance to their 
predecessors, in that they are highly complex and therefore appear to confute 
established theory. Supposedly destabilising interactions, such as omnivory, 
cannibalism, mutual predation and long food chains, now appear to be far more 
common than was previously thought (see Sprules & Bowerman, 1988; Warren, 
1989; Winemiller, 1989; Martinez, 1991; Polis, 1991; Lancaster & Robertson, 1995). 
Recent models even suggest that complexity can enhance stability, if most of the 
trophic links are weak (McCann et al., 1998). The early models generally ignored 
weak links, as they were deemed trivial (Hall & Raffaelli, 1993). The models of 
McCann et al (1998) are arguably more realistic than those of May (1973), as they 
assume that communities can show non-equilibrial dynamics and that consumption 
rates become saturated as resource density increases. Both of these refinements will 
be more acceptable to most ecologists than the assumptions of stable equilibria and 
linear feeding responses (Polis, 1998). There is also empirical evidence that the 
majority of feeding links within a web are weak (see Paine, 1992; Raffaelli & Hall, 
1992; Benke & Wallace, 1997). 
Invasions by new species provide opportunities to study how food webs 
develop and persist. Although invasions of food webs have been modelled 
extensively (Yodzis, 1981,1984; Post & Pimm, 1983; Mithen & Lawton, 1986), 
there is a dearth of empirical data. There is some evidence both from real systems 
(Lewin, 1997) and models (Post & Pimm, 1983) that more established and 
interconnected food webs may resist invasions, suggesting that complexity increases 
stability. Intrinsic species traits also determine the success of an invader; high 
mobility, low mortality and generalist feeding aid colonisation and establishment 
(Lawton & Brown, 1986; de Moor, 1992). Invasion and establishment within a 
system is more likely if the invader differs from other species, whereas exclusion is 
more likely if the invader is too similar to other species (Mithen & Lawton, 1986). 
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Competition for 'enemy-free space' (= 'apparent competition', sensu Holt, 1977) has 
been suggested as a means by which the ratio of predators to prey remains roughly 
constant in natural webs (Jeffries & Lawton, 1984,1985). This suggestion has also 
been supported by food web assembly models (Mithen & Lawton, 1986). We might 
expect, then, that invasions of predators will ensue invasions of prey if extinction, 
either of the new predator or a native competitor, is to be avoided. 
The combination of the invading species and the food web in current study 
was particularly fortuitous, for two reasons. First, because Broadstone Stream is 
acidic the community is relatively species-poor; it has been possible to characterise 
both the structure of the food web and species interactions in great detail over the 
past 25 years (see Hildrew et al., 1985; Lancaster & Robertson, 1995). Second, 
descriptive and experimental studies suggest that predation has a strong effect upon 
the benthic community within Broadstone (see Townsend & Hildrew, 1977; 1979; 
Hildrew & Townsend, 1982; Lancaster et al., 1991; Lancaster, 1996). However, a 
recent mathematical model (Spiers et al., in press) suggests that predation causes 
only modest reductions in equilibrial densities of the prey. As top predators, 
dragonflies can influence the structure of food webs (McPeek, 1998): a large, 
voracious and polyphagous predator such as C boltonii (Chovet, 1976) clearly had 
the potential to alter both the architecture and the dynamics of the Broadstone food 
web profoundly. This chapter focuses upon shifts in the structure of the food web 
following the invasion, whereas dynamic interactions between C boltonii and the 
benthos are addressed elsewhere. 
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Methods 
A survey of the benthos over the entire acidified length of Broadstone 
Stream (780m) was undertaken in October 1995, followed by repeated sampling 
within a 200m subset from April 1996 to April 1997. Surber sample units (area 
0.0625m 2; mesh aperture 330ýtm) were taken to quantify benthic densities. The 
substratum was sampled to a depth of 5cm, the vertical extent of the hyporheos 
within Broadstone (Rundle, 1988), and each sample was preserved immediately in 
5% formalin. Samples were sorted in the laboratory, and all Cordulegaster boltonii 
nymphs were removed for gut contents analysis. Sampling is described in detail in 
Chapter 3. 
In addition, qualitative kick samples were taken, to supplement the sample of 
larger C boltonii nymphs (instars 7-14) for gut contents analysis. At least thirty 
nymphs were collected on each of six sampling occasions (October 1995, May, 
August, October and December 1996, and February 1997). These nymphs were 
taken from outside the 200m survey stretch, to avoid possible depletion of the 
population surveyed. 
The gut contents of four hundred and eighty C boltonii nymphs were 
analysed in total. Each foregut was removed by dissection, mounted in polyvinyl 
lactophenol, or euparal, and examined at 250 X magnification. Since prey were 
ingested whole, or in large fragments, the remains of most individuals could be 
identified to species. Prey were identified using a combination of published keys 
(Appendix 1) and reference slides of taxa collected from Broadstone. 
Construction of the food webs 
The pre- and post-invasion food webs compared were qualitative 
'connectedness' webs; i. e. they depict only the presence or absence of trophic 
elements and feeding links. The food webs were derived from Hildrew et al. (1985) 
and the subsequent, more detailed, version published by Lancaster & Robertson 
(1995). Double-headed arrows represent feeding cycles (mutual predation). Circular 
arrows indicate cannibalism. 
Both 'taxonomic' webs (Webs 1-3) and 'trophic' webs (Webs 4-6) were drawn 
(Key provided in Table 7.1). In addition, the most species-rich taxonomic and 
trophic webs (i. e. webs including C boltonii and the resolved microcrustacean 
subset) are presented in matrix format (sensu Cohen et al., 1993), in Table 7.2. The 
derivation of the other webs is described in footnotes to Table 7.2. Taxa that shared 
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predators and food resources were lumped in the trophic webs, but were separate in 
the taxonomic webs. However, the link drawn from the Tanypodinae to the cluster 
containing the 'other microinvertebrates' in Webs 5a and 5b was nominal to all 
members in the cluster, as no detailed gut contents data were available for the 
microcrustacean prey of these predators. Three levels of taxonomic resolution were 
used for each type of web; the 'macroinvertebrate' web used by Hildrew et al. (1985) 
(Webs I& 4), and the more resolved webs, including the microcrustacean subset but 
with the Tanypodinae either included (Webs 2& 5) or excluded (Webs 3& 6) (after 
Lancaster & Robertson, 1995). The additional links among the macrofauna 
described by Lancaster & Robertson (1995) were also added to the Hildrew et al. 
(1985) webs. In the pre-invasion webs Sialisfuliginosa was treated as the sole top 
predator (after Hildrew et al., 1985), due to the rarity of predation on S. fuliginosa by 
Plectrocnemia conspersa, whereas the reverse is more frequent; thus the feeding 
cycle between S. filiginosa and P. conspersa (after Lancaster & Robertson, 1995) 
was ignored in the calculations of omnivory and chain length. Due to insufficient 
data on the diet of Platambus maculatus (L. ) (Coleoptera; Dytiscidae) and the 
Ceratopogonidae, provisionally placed as primary predators, were not included in the 
calculation of the food web statistics. 
Predator overlap (links joining predators that share prey) and prey overlap 
(links joining prey that share predators) graphs were constructed from the food webs 
(sensu Hall & Raffaelli, 1993), but only one example of each is presented, for 
brevity. If these graphs can be collapsed into one dimension, they are termed 
interval graphs (see Cohen, 1978). Food webs with predator overlap graphs that can 
be collapsed into one-dimensional interval graphs occur more frequently than would 
be expected by chance (Cohen, 1978; Pimm, 1982). Consequently, the presence of 
intervality suggests that actual niche utilisation is more likely to be arranged in one- 
dimensional niches than in randomly constructed webs. Predator overlap graphs 
from interval webs also often possess rigid circuitry. A circuit exists where a path 
can be traced between some or all of the vertices along the links of an overlap graph 
and returns to its starting point. An overlap graph is defined as a rigid circuit if, for 
all circuits with more than three vertices, a shorter circuit can be traced (Hall & 
Raffaelli, 1993). 
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Yield-effort curves (after Cohen et al., 1993) were produced for the 
cumulative percentage of the number of taxa found in both the benthic samples and 
in the guts of C. boltonii. 
Calculation offood web statistics. 
Maximum food chain length was calculated as the maximum number of 
trophic elements that could be included in a food chain from a basal resource to a top 
predator. Mean and modal values of all food chains between a top predator and the 
basal resources were also calculated. The ratio of predator to prey species was 
calculated after Jeffries & Lawton (1985), where 'prey' species do not consume 
metazoans and 'predators' do. 
Connectance was calculated as: 
c 2L 
S(S-1) 
where L is the number of realised trophic links observed (excluding 
cannibalism) and S is the number of trophic elements in the web. C,,,,, was 
calculated by including competitive links, where a food resource was shared. The 
number of links per species, d, was calculated as LIS. 
Omnivory was measured in three ways. First, the percentage of omnivores 
(i. e. trophic elements that fed at more than one trophic level) within the web was 
calculated. Second, the degree of omnivory was derived by dividing the number of 
closed omnivorous links, G, by the number of top predators (sensu Sprules & 
Bowerman, 1988). Omnivory was also expressed as GIL. A closed omnivorous link 
was defined as a feeding path from a predator to a prey more than one trophic level 
away, which can be traced back to the predator via at least one intermediate trophic 
level (same-chain omnivory). Where feeding loops existed each cycle was counted 
once. Cannibalistic loops were excluded from the calculation of G and L. 
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Results 
All of the food webs (Fig. 7.1; Table 7.2), both before and after the invasion, 
were highly interconnected; virtually all prey species were eaten by each of the 
predator species. A notable exception were the Pisidium pea mussels, which 
appeared immune to predation. The invader was, like the other predators, highly 
polyphagous; Cordulegaster boltonii preyed upon 86% of the animal taxa in Web lb 
(after Hildrew et al., 1985). However, most taxa were rare in the diet (Fig. 7.2), and 
strong positive electivity was apparent for a few species (Chapter 4). There were 
marked ontogenetic dietary shifts, largely due to the upper size limit of prey that 
could be handled by a given instar (Chapter 4). The diet generally broadened as an 
individual grew, with successively larger taxa being added, whilst most of the 
smaller taxa were retained (Fig. 7.3). The only animals not recorded in the diet were 
Niphargus aquilex Schi6dte, Pisidium spp. and several of the microcrustacea. 
Cordulegaster boltonii fed at every carnivorous trophic level. This was only 
partially related to ontogenetic shifts in the diet (life-history omnivory); although 
small C boltonii fed only upon the primary predators and primary consumers, large 
C boltonii fed on all trophic levels, but were apparently then unable to take some of 
the smaller prey taken during the early instars. Omnivory increased with instar 
number of C boltonii (Fig. 7.4). 
Cordulegaster boltonii, Sialis fuliginosa and Plectrocnemia conspersa were 
all cannibalistic, especially in their later instars. Mutual predation also occurred in 
all possible permutations among these three predators. In theory, the presence of 
such feeding cycles precludes the calculation of the number of trophic levels (Pimm, 
1980a). However, the cycles within Broadstone were strongly asymmetric among 
the three species: P. conspersa rarely preyed upon S. fuliginosa, and only a single 
early instar of C boltonii was recorded in a single gut of each of the other predators. 
Because C boltonii preyed heavily upon both S. fuliginosa and P. conspersa it was 
placed at the top of the food web. 
Virtually every measure of both food web complexity and food chain length 
increased following the invasion (Table 7.3). The magnitude of these increases 
varied with the statistic measured, but were largely irrespective of the taxonomic or 
trophic resolution of the web. The only exception to the increase in complexity was 
Cmax, which remained constant in four of the six comparisons. The values for C, 
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Table 7.1. Key to web components in Fig. 7.1 
Key Trophic level Trophic element 
a Basal resources iron bacteria 
b Fine particulate organic matter (FPOM) 
C Coarse particulate organic matter (CPOM) 
d Terrestrial invertebrates 
e Primary consumers Pisidium sp. (Bivalvia) 
f Simulium sp. (Simuliidae) 
9 Niphargus aquilex Schi6dte (Amphipoda) 
hl Diacyclops spp. (Cyclopoida: Cyclopinae) 
h2 Paracyclopsfimbriatus Fischer (Cyclopoida: Eucyclopinae) 
h3 Eucyclops serrulatus Fischer (Cyclopoida: Cyclopinae) 
h4 Acanthocyclops vernalis Fischer (Cyclopoida: Cyclopinae) 
h4i Acanthocyclops robustus Sars (Cyclopoida: Cyclopinae) 
h5 Bryocamptus spp. (Harpacticoida: Canthocamptidae) 
h6 Attheyella crassa (Sars) (Harpacticoida: Canthocamptidae) 
V Moraria brevipes (Sars) (Harpacticoida: Canthocamptidae) 
h8 Alona quadrangularis (O. F. MUller) (Cladocera: Chydoridae) 
h9 Alona rustica T. Scott (Cladocera: Chydoridae) 
hIO Ostracoda 
Other micro invertebrates 
Heterotrissocladius marcidus (Walker) (Chironomidae: Orthocladiinae) 
k Micropsectra bidentata (Goetghebuer) (Chironomidae: Chironominae) 
I Prodiamesa olivacea (Meigen) (Chironomidae: Prodiamesinae) 
M Oligochaeta 
n Leuctra nigra Oliver (Plecoptera: Leuctridae) 
0 Nemurellapictetii Klapalek (Plecoptera: Nemouridae) 
p Brillia modesta (Meigen) (Chironomidae: Orthocladiinae) 
q Polypedilum albicorne (Meigen) (Chironomidae: Chironominae) 
r Tipulidae 
S Potamophylax cingulatus (Stephens) (Trichoptera: Limephilidae) 
t Primary predators Macropelopia goetghebueri (Kieffer) (Chironomidae: Tanypodinae) 
u Trissopelopia longimana (Staeger) (Chironomidae: Tanypodinae) 
v Zavrelimyia barbatipes (Kieffer) (Chironomidae: Tanypodinae) 
aa Ceratopogonidae 
bb Platambus maculatus (L. ) (Coleoptera: Dytiscidae) 
w Secondary predators Plectrocnemia conspersa (Curtis) (Trichoptera: Polycentropodidae) 
x Tertiary predators Sialisfuliginosa Pict. (Megaloptera: Sialidae) 
z Quaternary predators Cordulegaster boltonii Donovan (Anisoptera: Cordulegasteridae) 
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Table 7.2. Food web matrices. 
The letters and numbers at the top of each column identify the predators, 
while the letters and numbers at the left of each row identify the prey, according to 
the key that accompanies Fig. 7.1. Zero and one indicate the absence and presence 
of a feeding link, respectively. Feeding cycles and cannibalism within the matrix are 
indicated within parentheses: these cycles were designated values of zero for the 
calculation of the food web statistics (Table 7.3). Only two webs are presented, for 
brevity; the construction of the other ten webs from the two presented here is given 
below*. 
Table 7.2b. Web 2b (post-invasion taxonomic web with resolved microcrustacea) 
z 
x 
w 
t 
u 
v 
s 
r 
0 
n 
q 
p 
i 
k 
i 
hl 
h2 
B 
M 
h5 
h6 
V 
h8 
h9 
HO 
m 
9 
e 
d 
a 
b 
c 
zx 
(1) 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
I 
I 
1 
0 
0 
1 
0 
1 
I 
0 
0 
1 
1 
0 
1 
0 
1 
0 
0 
0 
(1) 
(1) 
I 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
0 
1 
1 
1 
0 
0 
0 
1 
0 
0 
0 
wtuvsronqpIjki 
(1)0000000000000 
(1) 0000000000000 
(1)0000000000000 
1 0000000000000 
1 0000000000000 
1 0000000000000 
1 0000000000000 
10000000000000 
11110000000000 
1 1110000000000 
1 1110000000000 
1 1110000000000 
1 1110000000000 
III10000000000 
1 1110000000000 
II10000000000 
1110000000000 
10000000000000 
10000000000000 
1 0000000000000 
1 0000000000000 
1 0000000000000 
10000000000000 
10000000000000 
10000000000000 
10000000000000 
1 0000000000000 
0 0000000000000 
10000000000000 
10000000000000 
11111000000000 
0 0000011101110 
0 1110011111111 
0 0001111110000 
hl h2 h3 M h5 h6 V h8 h9 HO 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
mef 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
0 000 
1011 
1111 
00 00 
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Table 7.2. b. Web 5b (post-invasion trophic web with resolved microcrustacea) 
Note: hA =i h3 MV h8 h9, hB = hl h2 h5 MO 
XW Tu sr No p jkl hA hB H6 mefg 
vq 
z (1) 0 0 0 0 0 0 0 0 0 0 0 0 0 
x (1) 0 0 0 0 0 0 0 0 0 0 0 0 0 
w (1) 0 0 0 0 0 0 0 0 0 0 0 0 0 
tuv I I1 0 0 0 0 0 0 0 0 0 0 0 0 0 
s I I1 0 0 0 0 0 0 0 0 0 0 0 0 0 
r I I1 0 0 0 0 0 0 0 0 0 0 0 0 0 
noq II 1 0 0 0 0 0 0 0 0 0 0 0 0 
p II 1 0 0 0 0 0 0 0 0 0 0 0 0 
jkl I II 1 0 0 0 0 0 0 0 0 0 0 0 0 
hA I II 1 0 0 0 0 0 0 0 0 0 0 0 0 
hB 0 11 0 0 0 0 0 0 0 0 0 0 0 0 0 
h6 0 01 0 0 0 0 0 0 0 0 0 0 0 0 0 
m I I1 0 0 0 0 0 0 0 0 0 0 0 0 0 
e 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 
f 1 01 0 0 0 0 0 0 0 0 0 0 0 0 0 
g 0 01 0 0 0 0 0 0 0 0 0 0 0 0 0 
d I II I 1 0 0 0 0 0 0 0 0 0 0 0 
a 0 00 0 0 0 1 0 1 0 0 0 1 0 1 1 
b 0 00 1 0 0 1 1 1 1 1 1 1 1 1 1 
c 0 00 0 1 1 1 1 0 0 0 0 0 0 0 0 
* Construction of the other web matrices not shown: 
1. For the pre-invasion webs (webs suffixed by'a'; i. e. Web I a), rows and columns 
representing Y (Cordulegaster boltonii) were excluded. 
2. In webs 3a & 3b and 6a & 6b, rows and columns representing the Tanypodinae 
(t, u, v) were excluded (after Lancaster & Robertson, 1995). 
3. In webs la & lb and 4a & 4b hl-hlO were grouped as a single trophic species, 'h' 
(after Hildrew et al., 1985). 
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Figure 7.2. Diet of the fourteen nymphal instars of Cordulegaster boltonfl. 
The area of each bubble is proportional to the % of prey items accounted for 
by each prey item within a given instar of C boltonfl. Data are pooled over 
six sampling occasions (n= 481 nymphs). 
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Figure 7.3. Total number of prey taxa recorded in the guts of Cordulegaster 
boltonii against instar number of the predator 
(all samples pooled over six sampling occasions; n= 481 nymphs). 
Dotted lines above the trend line denote the smallest instar of C. boltonii found with 
the named prey (themselves macroinvertebrate predators) in the gut contents. 
Dotted lines below the trend line denote the largest instar of C. boltonii found with 
the named prey (microcrustacea/meiofauna) in the gut contents. 
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Figures 7.4a &b Omnivory within each of the fourteen instars of Cordulegaster 
boltonii (all samples pooled over six sampling occasions; n= 481 nymphs). 
In Fig. 7.4b. G is the number of closed omnivorous links (see Methods) for each 
instar, L is the total number of links for each instar 
Data markers represent instar number. Note logarithmic axes. 
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food chain length, LpIL, p: p, and the percentage of omnivores in the simpler trophic 
webs were broadly similar to their counterpart taxonomic webs. However, G and GIL 
were particularly sensitive to trophic grouping; GIL in the trophic webs was between 
one-third and one-half of its value in the equivalent taxonomic webs (Table 7.3). 
SC,,,,, for the taxonomic webs was about twice its value for the equivalent trophic 
webs. 
Yield-effort curves (Fig. 7.5) suggested that saturation for estimating both the 
presence of trophic elements (from benthic samples) and feeding links from C 
boltonii was reached. The approach to the asymptote was less steep for the curves 
estimating feeding links compared with those estimating the trophic elements - over 
three hundred guts were required to estimate all feeding links. Such curves were not 
available for the estimation of feeding links from the other predators, but as the 
sample sizes were much greater than for C boltonii (see Hildrew et al., 1985; 
Lancaster & Robertson, 1995), saturation was assumed. 
Predator overlap (Fig. 7.6) and prey overlap (Fig. 7.7) graphs were rigid 
circuits both before and after the invasion. Predator overlap was also interval, but 
prey overlap was not ('g' could not be placed in a one dimensional graph). Overlap 
among the predators was maximal. These patterns held for all of the food webs, 
although fewer taxa could be placed in one dimension as resolution increased among 
the prey overlap graphs. 
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Figure 7.5. Yield-effort curves for trophic elements in Web Ib and trophic 
links from Cordulegaster boltonii within Broadstone Stream for two 
post-invasion taxonomic webs (Webs 1b& 2b). Due to their small size 
meiofaunal taxa were not recorded in Surber samples and, consequently, 
were not included in the yield-effort curves for the detection of trophic 
elements. 
Top panels show benthic densities of trophic elements (macroinvertebrates 
only; sample-unit = 0.0625m-2 quadrat); lower panels show gut contents 
data (sample-unit =I gut). 
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Figure 7.6. Predator overlap graphs (links join predators that share prey) for Webs 1, 
29 4,5. Letters correspond with species as described in the Key to Fig 7.1. 
a. Pre-invasion No. b. Post-invasion 
Both pre and post invasion overlap graphs are interval because all predators can be 
placed in one dimension. Both graphs also display rigid circuitry. 
Figure 7.7. Prey overlap graphs (links join prey that share predators) for Web 4. 
Letters correspond with taxa as described in the Key to Fig 7.1. 
a. Pre-invasion (Web 4a) 10 b. Post-invasion (Web 4b) 
Both pre and post-invasion overlap graphs are non-interval because f and g cannot 
be placed in one dimension with the other members of Graph a and g cannot be 
placed in Graph b. Both graphs display rigid circuitry. 
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Discussion 
The extreme generalism of the predators, the persistence of all trophic 
elements throughout the year, and the considerable range of sizes of both predators 
and prey present at any given time (Lancaster & Robertson, 1995), suggested that all 
of the feeding links shown in the Broadstone Stream webs (Fig. 7.1) would be 
detected on any given sampling occasion, if sampling were sufficiently exhaustive. 
Therefore, the use of summary webs is probably justified for Broadstone Stream. 
Perhaps the two most striking characteristics of the Broadstone webs were 
their high taxonomic resolution and extreme complexity. These attributes contrasted 
markedly with most of the webs published in the early literature (cf. the webs 
presented in Cohen (1978) and Briand (1983)), but concurred with more recently 
described systems (see Sprules & Bowerman, 1988; Yodzis, 1998; Polis, 1998). 
Food chains were also long compared with the early webs, and may include up to 
nine trophic levels following further resolution of the meiofauna (J. Schmid-Araya, 
A. L. Robertson & A. G. Hildrew, unpublished). Both complexity and food chain 
length increased still further following the invasion of Cordulegaster boltonii. 
Traditional food web theory predicts that, due to its supposed destabilising 
effect, complexity will be rare in natural food webs (May, 1973; Cohen, 1978; Pimm, 
1982). Freshwater webs have long been a conspicuous exception, in that many are 
highly complex, with frequent 'aberrations' such as omnivory and feeding loops (see 
Hildrew et al., 1985; Sprules & Bowerman, 1988; Martinez, 1991; Bengtsson, 1994; 
Lancaster & Robertson, 1995; Warren, 1989; Schneider, 1997). However, web 
complexity may be more widespread than previously thought (Hall & Raffaelli, 
1993): highly complex webs have been described from terrestrial (Polis, 1991), 
estuarine (Hall & Raffaelli, 1991) and marine (Yodzis, 1998) systems in recent years. 
Cannibalism and mutual predation, also supposedly rare, now appear to be prevalent 
in many systems (see Warren, 1989; Polis, 1991; Martinez, 1991; Johansson, 1992a, 
1993b, 1996), even to the extent that they may regulate populations (e. g. Van 
Buskirk, 1989; Fincke, 1994; Hopper et al., 1996). 
Most of the early empirical food webs (e. g. Cohen, 1978; Pimm, 1982; 
Briand, 1983), which supported web theory, were seriously flawed (Hall & Raffaelli, 
1993). Taxonomic resolution was generally poor and biased toward the top of the 
web (Hildrew, 1992), links were often only assumed to be present, and several 
contained biological impossibilities (Hall & Raffaelli, 1993). Further, many of the 
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patterns reported among these webs may represent spurious autocorrelations between 
web statistics (Bengtsson, 1994). 
Omnivory within Broadstone was extreme, and exceeded that of any other 
food web of which I am aware. The two most frequently cited reasons for high 
omnivory are ontogenetic dietary shifts (life-history omnivory) and donor-controlled 
web dynamics (DeAngelis, 1975; Pimm, 1982; Wardle, 1995). Insect larvae, the 
dominant members of the Broadstone web, pass through a wide size spectrum as they 
develop, and the diet often shifts from small to large prey. However, this was only 
partially true for C boltonii; the largest instars still fed at every carnivorous trophic 
level, and on virtually every animal taxon above the size of the Harpacticoida. This 
broad diet was probably largely due to the unusual architecture of the invader's 
mouthparts; dragonflies can take both large and small prey by the use of the labial 
mask and the labial palps, respectively (Corbet, 1980). Sialis fuliginosa, 
Plectrocnemia conspersa and the Tanypodinae also expanded their diet as they grew, 
whilst retaining small prey (Lancaster & Robertson, 1995; Hildrew et al., 1985). 
Life-history omnivory therefore had little effect upon food web structure, although it 
undoubtedly influenced interaction strength. However, morphological constraints 
upon feeding appeared to affect web structure (Warren, 1994): the maximum size of 
prey that could be handled set limits upon trophic status and omnivory both within 
and across predator species (Figs. 7.2 & 7.4; Chapter 8). Below this maximal size of 
prey there appeared few physical constraints upon feeding; virtually all prey species 
were vulnerable to all predator species. 
Donor-controlled dynamics, resulting from allocthonous inputs of detritus, 
have been suggested as a possible explanation for the high omnivory within 
Broadstone (Hildrew, 1992; Lancaster & Robertson, 1995). However, although 
detrital inputs may govern overall productivity (Hildrew, 1992), top-down control of 
prey by predators is also evident (Lancaster, 1988; Lancaster et al., 1991). As the 
majority of links within the Broadstone web are predatory, it may be that donor- 
control is not the primary type of feeding interaction. Further, it seems likely that the 
invasion of a top predator that exerts top-down control upon its prey (Chapter 5) 
would result in a relative decrease in donor-controlled dynamics within the web; the 
increase in omnivory following the invasion appears to support this suggestion. 
Poor taxonomy and the analysis of subset webs, rather than whole community 
webs, tend to overestimate omnivory (Pimm & Lawton, 1978; Pimm, 1982; Hall & 
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Raffaelli, 1993). However, neither of these airtefacts were applicable to the 
Broadstone webs, suggesting that the prevalence of omnivory was a real 
phenomenon. Further, web complexity, including omnivory, generally declined, 
rather than increased, following trophic grouping (Table 7.3). Omnivory appears to 
be more widespread and common than previously thought (Hall & Raffaelli, 1993), 
and its occurrence may not necessarily be related to donor-controlled dynamics or 
life-history omnivory (e. g. Sprules & Bowerman, 1988). Further, the detection of 
feeding links is a strong function of sampling effort (over three hundred guts had to 
be analysed to estimate all of the feeding links for C boltonii), and omnivory and 
other measures of web complexity may have been underestimated in many webs, 
simply due to insufficient sampling effort. 
Because the abundance of prey generally increases towards the bottom of a 
food web, a given predator will encounter more prey items at the lower trophic levels 
(assuming equal prey mobility and spatial overlap). In systems where prey are 
scarce, such as acid streams, it is difficult to envisage a predator ignoring any 
potential prey item, once encountered, irrespective of its trophic status. Further, the 
high mobility and constant redistribution of the Broadstone benthos (Townsend & 
Hildrew,, 1976), combined with overlapping life-histories (Lancaster & Robertson, 
1995), ensures that the predators encounter a wide range of potential prey species. 
The relative unpredictability of environmental conditions, and the limited species 
richness of freshwater communities (Jeffries, 1989) may favour generalism, and 
could account for their highly connected food webs; this runs counter to previous 
suggestions that environmental instability favours less connected webs (Briand, 
1983). 
Recent models developed by McCann et al (1998) have challenged early food 
web theory, by showing that stability can be enhanced by complexity, if most feeding 
links are weak (Polis, 1998). Weak links are far less likely to be published, when 
detected, than strong interactions (Sih et al., 1985); this may account for the frequent 
assumption that feeding links are usually strong (Polis, 1998). There is also direct 
empirical evidence that the majority of links within a web may indeed be weak (see 
Paine, 1992; Raffaelli & Hall, 1992; Goldwasser & Roughgarden, 1993; Fagan & 
Hurd, 1994; Benke & Wallace, 1997; Wootton, 1997). The distribution of link 
strength within the Broadstone web is also negatively skewed, both across the 
predator species (the predators prey selectively upon a few taxa, and take most others 
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relatively infrequently (Fig. 7.2; see also Chapter 8)) and possibly over time (the guts 
of most of the predators are empty most of the time (Hildrew et al., 1985; Lancaster 
& Robertson, 1995)). Generally, only the strongly favoured prey of C. boltonii were 
numerically depressed in experimental enclosures, and then only at certain times of 
the year (Chapter 5). The abundance of most taxa were unaffected by the predator. 
Plectrocnemia conspersa displayed similar effects (Lancaster, 1988; Lancaster et al., 
1991). The strength of trophic interactions can vary over time and may occasionally 
be strong, for instance when predators and prey are aggregated in flow refugia during 
spates (Lancaster, 1996). These interactions suggest that most of the links within the 
Broadstone web may be weak. Another important characteristic of the McCann et al 
(1998) models was that omnivory damped oscillations within the webs; this suggests 
that the high level of omnivory within Broadstone Stream may increase, rather than 
decrease, web stability. 
Several other mechanisms which enhanced the stability of the McCann et al 
(1998) models, may also be operating within the Broadstone web. First, both 
competition (shared prey) and apparent competition (shared predators) enhanced the 
stability of the modelled webs. The highly interconnected food webs and predator 
and prey overlap graphs (Figs 7.6 & 7.7) suggested that both mechanisms may be 
prevalent within Broadstone, although these posited interactions have yet to be 
investigated experimentally. The apparent competition model developed by McCann 
et al. (1998), resulted in well-bounded limit cycles. Interestingly, if intraguild 
predation is incorporated into this model, the system rapidly attained local stability 
(McCann et al., 1998); the mutual predation among the predators within the 
Broadstone web may therefore further serve to stabilise the system. 
Second, external inputs of predators and consumers increased the stability of 
the models. Genetic analysis of the Plectrocnemia conspersa population within 
Broadstone revealed that it was a subset of a larger panmictic population, which 
encompassed several neighbouring streams (Wilcock, 1998). Such patterns may 
hold true for a wide range of stream invertebrates (see Sweeney et al., 1987; Jackson 
& Resh, 1992; Schmidt et al., 1995; Hughes et al., 1998). Due to their high 
fecundity only a few adult insects may be required to restock a small stream such as 
Broadstone, suggesting that the food web may be more open than previously 
assumed. However, such inputs probably account for only a small proportion of 
recruitment within Broadstone. In addition, the available species pool and 
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interchange among systems may set food web structure independent of the influence 
of stability (Warren, 1995). 
Increased food chain length following the invasion was undoubtedly a 
consequence of the invader being considerably larger than the two next largest 
predators (Chapter 4). It is striking that this apparently vacant trophic level was not 
occupied until recently, especially as C. boltonii populations have existed in the 
vicinity of Broadstone for many years prior to the invasion. The two most 
commonly cited constraints upon the length of food chains are energy flow 
(Kaunzinger & Morin, 1998), and dynamic stability (Pimm & Lawton, 1977,1980; 
Pimm, 1982). These two effects upon food chain length may be linked, by acidity, 
within Broadstone. Long chains are more likely to persist in constant, rather than 
disturbed environments (Pimm & Lawton, 1980); a recent increase in environmental 
stability within Broadstone is suggested by a decline in both press (mean acidity) and 
pulse (acid events; summer spates) disturbance (Chapter 3). The abundance of 
predators and prey and the length of food chains can also be limited by basal 
productivity (Kaunzinger & Morin, 1998). Within Broadstone, the decline in acidity 
over large temporal and spatial scales has been reflected by an increase in C. boltonii 
abundance (Chapter 3). Reduced acidity can increase stream productivity (Groom & 
Hildrew, 1989), and this may have permitted the development of a higher trophic 
level. Because C boltonii did not feed solely upon the trophic level immediately 
below it there was a greater biomass of prey available to support a given unit of 
biomass of the invader. Also,, omnivory reduced increases in mean chain length; 
although maximum chain length increased by one link, mean chain length increased 
by only V2 a link following the invasion (Table 7.3). Omnivorous feeding may 
therefore mitigate the destabilising effect of lengthening food chains. 
In summary, the high complexity and long food chains of the Broadstone 
food web did not concur with traditional food web theory. However, these 'unusual' 
characteristics reflected patterns in the more recent literature. The 26% increase in 
the number of links for a 4% increase in species richness following the invasion of C 
boltonii (Table 7.3, Web 1), combined with the increased ratio of predators to prey, 
suggested that the Broadstone web had become more closely packed within niche 
space (Warren, 1995). This could lead to an intensification of both traditional and 
apparent competition (sensu Holt, 1977, Jeffries & Lawton, 1985). If coexistence is 
disfavoured by trophic similarity (Mithen & Lawton, 1986), then we may expect that, 
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ultimately, either C boltonii or P. conspersa, which have very similar diets (Chapter 
6), will be deleted from the web. P. conspersa was also a strongly favoured prey of 
C boltonii. Further, the negative correlation between these two predators at larger 
spatial and temporal scales within Broadstone (Chapters 3& 6) suggested that a 
species deletion might eventually occur. However, the recent food models of 
McCann et al (1998) suggest that the increased complexity following the invasion 
could have enhanced the stability of the web; if this is so, then the invaded food web 
may be sufficiently stable to permit coexistence of the invader and P. conspersa. 
Further long term monitoring of the benthic community, and experimental 
quantification of the strength of feeding links, within the Broadstone food web will 
provide valuable insight into the relationship between web complexity and stability. 
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Chapter 8 
Quantification of a stream food web. 
Introduction 
This chapter describes an attempt to quantify the structure and seasonality of 
the food web of Broadstone Stream, currently one of the best-described qualitative 
webs (see Hildrew et al., 1985; Lancaster, 1995; Chapter 7). Food webs form an 
important link between population and community ecology, and provide a relatively 
simple means of representing an assemblage along a single niche dimension, diet. 
However, despite their ecological significance, there are still few published food 
webs, and most of these are of poor quality (Lawton, 1989; Cohen et al., 1993; Hall 
& Raffaelli, 1993). Among other shortcomings, many webs include inferential rather 
than observed feeding links, and often describe only a subset of the entire community 
web (Hall & Raffaelli, 1993). Also, although web structure and dynamics can be 
strongly seasonal, these temporal patterns tend to be masked because most webs are 
either constructed from a single sampling occasion, or pooled over several occasions 
(but see Warren, 1989; Closs & Lake, 1994; Tavarescromar & Williams, 1996). The 
current study addressed seasonality by quantifying the Broadstone web separately for 
six sampling occasions between 1996 and 1997. In addition to the limitations 
described above, taxonomic resolution is extremely variable among the current 
catalogue of webs and biased towards the higher trophic levels within webs 
(Hildrew, 1992). Because poor resolution can confound comparative analysis among 
webs (Martinez, 1991; Hall & Raffaelli, 1993; Bengtsson, 1994; Martinez et al., 
1999), where possible, all taxa were described to species in the current study. 
Arguably the greatest limitation of the published catalogue of webs is that the 
vast majority show only the presence or absence of species and links (e. g. 
Pimm, 1982; Briand, 1983). Such qualitative 'connectance' webs can be seriously 
flawed, leading some researchers to suggest that they provide little insight into the 
form and function of real webs (Polis, 1994; Benke & Wallace, 1997). Because 
connectance webs generally make no distinctions between rare and common species 
and links, their structure is very susceptible to variations in sampling effort, which is 
rarely, if ever, standardised across webs. If the guts of most predators are empty, or 
virtually empty (e. g. Chovet, 1976; Townsend & Hildrew, 1979; Hildrew et al., 
1985, Lancaster & Robertson, 1995; Spiers et al., in press), links to rare or less- 
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favoured prey will tend to be missed, unless sample-sizes are very large. For 
example, over three hundred guts of the top predator within Broadstone Stream 
needed to be analysed to detect all of its feeding links within a highly-resolved 
summary web (Chapter 7). However, other webs often use considerably smaller 
sample sizes for gut contents analysis; Tavares-Cromar and Williams (1996) 
analysed only ten guts per taxon. In addition, because species are typically more 
easily observed than links, statistics that estimate linkage density (e. g. connectance, 
links per species) can be particularly dependent upon sampling effort. The 
potentially confounding effect of sample size upon linkage density is likely to 
increase with species richness because speciose communities appear to contain a 
greater proportion of rare species (Tokeshi, 1999). Apparent relationships between 
food web statistics (e. g. connectance, links per species) and species-richness may, 
therefore, be artefacts of sampling effort (Hall & Raffaelli, 1993; Martinez et al., 
1999). The publication of yield-effort curves for both links and species would 
alleviate this problem, but such curves are rarely shown (Cohen et al., 1993). Yield- 
effort curves for the detection of taxa and the links of the predator assemblage are 
presented in the current study. 
Because they show only presence/absence data, connectance webs imply 
equivalence among both species and links. Many food web models similarly assume 
that interaction strengths are strong and evenly distributed within a web (Hall & 
Raffaelli, 1993). However, such evenly-structured webs probably do not exist: 
species rank-abundance typically follows either lognormal or geometric series 
(Tokeshi, 1999), and there is increasing evidence that interaction strengths are also 
skewed, with most links being weak (Paine, 1992, Hall & Raffaelli, 1993, Benke & 
Wallace, 1997; Mfiller, 1999). Consequently, connectance webs overemphasise 
trivial species and links (Benke & Wallace, 1997). The distribution of the strength 
and type of interactions (e. g. donor-control, Lotka-Volterra dynamics) within a web 
also affects its stability (May, 1972; DeAngelis, 1975). Recent models have shown 
that an abundance of weak links can increase stability (Polis, 1998; McCann et al., 
1998), contradicting the previously accepted paradigm that complexity is unstable 
(May, 1972,1973; Pimm, 1982). However, despite their importance in aiding our 
understanding of community dynamics, interaction strengths are nearly always 
guessed, rather than measured, and empirical data are rarely published with which to 
test the assumptions of models (but see Paine, 1992). Because connectance webs 
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provide no information on species abundance or linkage strengths, there is a need to 
produce quantified food webs to address this important lacuna (Cohen et al., 1993). 
Although there has been no quantification of a complete community food web to 
date, progress has been made recently with semi-quantitative measures, and with 
subsets of communities and experimental systems (e. g. Tavares-Cromar & Williams, 
1996; Benke & Wallace, 1997; MillIer et al., 1999). Where attempts have been made 
to quantify webs the limitations of connectance webs and, consequently, the 
theoretical predictions derived from them, are often brought sharply into focus (e. g. 
Paine, 1992). 
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Methods 
Estimation of abundance and biomass of trophic elements 
Thirty randomly-dispersed Surber samples (sample-unit area 0.0625m 2; mesh 
aperture 330ýtm) were taken from Broadstone Stream in south-east England (see 
Hildrew & Townsend (1976) for a detailed site description) on each of six sampling 
occasions (May, August, October, December 1996, and February and April 1997). 
Samples were preserved immediately in 4% formalin (see Chapter 3 for detailed 
sampling methods). 
The acidity of the stream excludes fish and, consequently, the community is 
dominated by invertebrates. All macroinvertebrates were identified to species, where 
possible. Taxa that could not be distinguished with certainty in either benthic 
samples or predator guts were grouped. Cyclopoid copepods were the only 
meiofaunal taxa included in the webs; the mesh of the sampling device did not retain 
smaller meiofauna. Small chironomids (head capsule width < 0.15mm) and 
cyclopoids (body length < 0.5mm) identified in gut contents, or collected in benthic 
samples, were excluded from the food webs because benthic densities could not be 
estimated reliably. To estimate invertebrate biomass, linear body dimensions were 
measured and converted to dry weight using regression equations (Table 8.1). 
Where a regression was not available for a particular species, an equation derived for 
a morphometrically similar taxon was used instead. 
Allocthonous detritus, comprised mostly of leaf fragments and woody debris, 
is the dominant basal input, and is abundant throughout the year (Dobson & Hildrew, 
1992). The benthic density of detritus was calculated as the mean oven-dried (60'C) 
weight per sample-unit. Terrestrial invertebrates collected in the Surber samples 
were counted. These individuals were from a variety of taxa for which biomass 
regressions were not available, and biomass could not not be measured directly due 
to the potentially variable effect of preservative upon dry weight (Stanford, 1973). 
Consequently, they were not included in the webs constructed for biomass. Iron- 
bacteria (Leptothrix spp. ) form ephemeral flocs that carpet the benthos during 
protracted periods of low flow, particularly in the summer (Hildrew et al., 1985). 
Diatoms are sparse within Broadstone, and macroalgae are absent (Ledger, 1997); 
the heavily shaded channel, low pH and presence of iron bacteria flocs prevented the 
formation of a significant algal assemblage. The contributions of algae and iron 
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Table 8.1. Regression equations used to predict dry weights of taxa within the 
Broadstone Stream food web. 
The number prefixing each taxonomic name denotes the position within the food 
web (Fig. 8.1). HW = Head-capsule-width; BL = Total body length; BW = Body 
width. Morphometrically similar taxa, shown in square parentheses [ ], were used 
where regression equations were unavailable for the Broadstone taxa. The source of 
each equation is denoted by a letter at the end of each row (see key below). r2 values 
are given where available. 
Taxon YX Regression r2 
equation 
1. Cordulegaster boltonii (Donovan) Loglo(mg) Logl0HW y= -0.20 + 2.85(x) 0.95 f 
....... ..... . ................ ............... ........................ . ................ ............ ............ . ... . ........................................................................... 2. Sialisfuliginosa Pict. 
..... - ----- . -.. ............ . ......... ....... . ....... ............... .................. . ......... ............... ........... .. 
..................................................... Loglo(Rg) .... . .... . ....... . ........ Logl0HW ... . .... ............ .... .......... . .......... y=2.68 + 2.90(x) ........ ................... 0.88 b 
................................................................ ... 3. Plectrocnemia conspersa (Curtis) ....................................... ............. Log I 0([tg) 
.... ............. ............. Log I OHW . ......... ...... ............ . ... y=2.5 8+2.80(x) . ...... . .......... . .......... e 
.............. . ................. I ......... .... ......................... ............. ............................. . .... . ............. ............................................. - ........ 4. Pedicia sp. & 6. Dicranota sp. [Dicranota 
..... ........ ...... -.................. ........ ...................................... I .............. ................ . .................................... 
........................................ . ........ .. (m 
.......... 
n 
............ 
g 
................ 
............. ............ . ................. . LnBL 
.................. ....................... 
. ............. . ......... . .... ................ ................ . .......... =-5.53+1.91(x) 
.... ....... ........... . ............ . ......... - ...... 
....... . ... ..... .......... 0.54 
......... ........ ... 5. S. torrentium (Pictet).. honoperly s. 
.................. ..... ....... .... ..... .... ................ ....... .... I. ...... ............. I ...... ...... I ................ ...................... ........................... 
P Ln(Mg 
......... ......... .................. ..... 
LnHW 
. ............. ... . ......... ................ -0.27 
+ 2.70(ýj 
... ............ ........... . 
0.80 g 
....... . ......... 7. Platambus maculatus (Pictet) [Coleoptera larvae] 
.......... ...... . .. I....... . ..... . ...................................... .................................................. . ................................... . .................................................. 
Ln(m 
- ........ . ....................... 
g 
.............. 
LnHW 
........ .......... . .... . ........................ 
2.15 + 3.80(x) 
.. 
y....... 
............... 
0.55 
................... 8. Macropelopia goetghebueri (Kieffer) 
..... ....................... ................................................................................................. ............... ........ ........... .. .. . . 
Loglo(ýig) Logl0HW y=3.12 + 3.86(x) 0.73 d 
. . . . ........ ............... ...................... 9& 10. Pentaneurini (+ 18. Corynoneura oblata) 
...... ................. . .................................... . ................. . ................... . ....................................... ................... . . . . 
..................................................... Log I 0(gg) 
.............. . ........... . .................. .. Log I OHW ...... ...................... .... ......... y=3.13 + 3.06(x) . .... .................. 0.48 d 
. ....... . .............. . ...................... 11. Ceratopogonidae ...................................................... Loglo(mg) ........... . ............... .... . ........... ... LoglOBL . ........... . ... . ......... y= -3.39 + 2.73(x) 
. ...... . .......... ...... 0.56 a 
........ . ..... ......... ................. .............................................. I ............. . ...................... . ................................................................................ 12. P. cingulatus (Stephens) & 13. Areducta ................ ....................... . ............ Ln(mg) . ....................... ...... . ... . ....... .... LnHW ...... . ...... ...... .... . ........... y=0.50 + 2.91(x) 0.58 g 
. 
[Trichopteral 
............. ............ .................. .......... . .... . ......... I ... . ..... .......... . ....... . ................ ............... . ............... ............................................ ..................................................... .................. . ......... .................... .... ............... ..... ...... . ............ . .............. 14. Other Tipulidae [Tipula abdominalis (Wj 
.. . . . . . ... . .. . . .. .... 
Ln(Tg) 
. . 
LnBL y= -5.30 + 2.36(x) 0.93 c ................. ........... . ................. ... .. .... . ............ . . .. ... I., ....................................... . .................................. . ..... ......... 15. Nemurellapictetii Klapalek ....... ........... .. ........... . Log I 0(ýtg) 
............. . ............. . ....... ............... Log I OHW ................ y=2.71 + 3.13 (x) 0.80 d 
........ . .................................................................................................................................... . .......................................................................... 16. Leuctra nigra (Olivier) (+ 17. L. hippopus) ..................................................... Loglo([tg) ........... . ...................... .......... . .. Logl0HW . .......... . ............. ................. ....... .... . .... y=2.54 + 2.23(x) . ........ ........ ....... 0.64 d 
............. I ............. I..................... . ................. . ........ ........................................................... ................................................................................ 19. Prodiamesa olivacea (Meigen) ..................................................... Loglo(ýtg) ..................................................... Logl0HW ... . ..... ...... . ...... ........ . ............... ........ . ...... --- ... y=3.50 + 2.97(x) ....... 0.69 d 
... ... . ..................... ..... . .................... .... . .................... .................. . ... .................... ................................................................................... 20. Heterotrissocladius marcidus (Walker) ..................................................... Loglo(ýtg) .......................... . .... . ............ ...... Logl0HW . ... ........... .... ...... . ...... . ...... y=3.17 + 2.30(x) . ............. - 0.36 d 
ýt. 22. B. modesta & 23. P. albicorne , .. 
) 
--... 
g. rp 
. ............. .............................. ..................................................... ..................... .............. ............ .. ..... . ..... . ...... . ............ 2 1. Micropsectra bidentata (Goetghebuer) Log I 0(gg) Log I OHW 
.. ....... . . .. . . ...... . ..... . . .. 
y=3.07 + 1.75(x) 
... .. . . 
0.45 d 
......... . ................. . ....... . ........ ............ ........................................................ I ....... ................. ............................................................... 24. Paraleptophlebia submarginata (Stephens) ............................................ 
........ In(mg) .. ... . .. . . . .. . . .... LnHW . ...... .. . .......... ........ y= -0.83 + 4.25(x) 0.86 g 
.. 
(Lep lebiidael 
. ....... ..................... ............. ........................ ....... .............. . ......... . ..................... . ...... ........... 25. Oligochaeta 
................ ..................... ................. . ............................................... . . .... 
9 
..................................................... ........................... ..... . ......... -_ 
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y= 7ir (1.05))/4 
. -( .......... .......... ...................... 
h 
....... . ............. ..... . ..... . ..................... . ................. . ..... . ...................... .......................... 26. PisidiUm sp 
. ... 
ln(m. g 
............ .. .. ............................ 
LnBL 
............... .............. . ......... 
2.23 + 1.97W 
....... 
0.59 a 
......................... ......................................................................................... . ................... ............. . ....................... ....... . ......... ................. - 27. SimufiUM.. ýp. 
...... ..... .................... .... .......... . ........ .......... ................................................ . ...................................................................................... 
.. In(mg 
................................ 
LnHW 
. ........... ............ .... ... ..... . .... 
... y=0.20 + 3.32W 
................ ....... .. 
. .... . .............. 0.93 g 
....... 28. Helodidae (larvae) [Elmidae (larvae)l 
........................... .... . ................. ...... . ......... ................................... ............ . ........................... . ...... ................. . ....................... ..... ...... ................ ............. 
1.4m.. g 
........ . 
LnHW. 
... . ....... . ....... .. 
y 2.15 + 3.80: ý 0.55 g 
.I 29. Niphargus aquilex Schi6dte Ln(mg) LnBL y -4.95 + 2.83(x) 0.90 g 
ammarus fossarum Koch] 
................................................. * .......... ................... ... .... ............................................ .............. ............................. . ....... .......... ... . .............. ..... . ........ . ... . ................. 30. Asellus meridianus Racovitza [ A. aquaticus L. ] Logl 0(mg) Logl 0(HW) y -3.13 + 1.32(x) 0.34 i 
........... I ........ . .............................................................................................................. . ...................................................................................... 3 1. Cyclopoidea ..................................................... Loglo(mg) ............................... . ............. ... Loglo(BL) . ......... . ...... . .... y= -3.58 + 2.86(x) 
...................... . i 
Key to sources of regression equations: a=L. Greenberg (pers. comm. ); 
b=J. H. Winterbottom (unpublished data); c= Smock (1980); d= Hildrew & 
Townsend (1982); e= Hildrew & Townsend (1976); f= Woodward (unpublished 
data); g= Burgherr & Meyer (1997); h=S. Rundle (unpublished data); i=J. I. Jones 
(unpublished data); j =Thompson (I 978b). 
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bacteria to the food web were not quantified, but were assumed to be small in 
comparison with detritus. 
Estimation of linkage strength 
The feeding links of the primary consumers, which were all detritivores, were 
not quantified; however, the superabundance of detritus throughout the year 
suggested that food was not limiting (Dobson & Hildrew, 1992), and the links 
between the detritivores and their food were present and of equal strength on each 
sampling occasion. Gut contents analysis was performed on all of the predators 
collected in the Surber samples, except in August and October when the abundant 
Pentaneurini tanypods were sub-sampled from ten Surber samples selected at 
random. Additional large predators (Cordulegaster boltonii, Sialisfuliginosa and 
Plectrocnemia conspersa) were also collected in qualitative kick-samples, to increase 
sample-size. These extra samples were taken from outside the 200m survey stretch, 
to avoid depletion of these rarer predators. The guts of the predators were dissected, 
mounted in euparal, and examined at 400x magnification. Gut contents were 
identified from reference slides and the biomass of ingested prey was estimated from 
length-weight regressions from linear dimensions (Table 8.1). Regression equations 
took the form Loglo y= Logloa + b* Loglox, or the equivalent using natural 
logarithms, except for the Oligochaeta. These were approximated to cylinders with a 
specific gravity of 1.05, and a dry: wet weight ratio of 0.25 (Rundle, unpublished 
data). Because prey were generally consumed whole, or in large fragments, species 
could be identified relatively easily. Chironomid head capsule widths in the guts 
were reduced by 17%, to correct for flattening during mounting (Hildrew & 
Townsend, 1982). Linkage strength was defined as the standing crop of prey (in 
numbers and biomass) present in the guts of a given predator population 0.0625m-2 . 
Previous studies have converted the standing crop of gut contents into ingestion rates 
for P. conspersa, by correcting for the effect of temperature, the amount of prey 
ingested, and the size of the predator upon gut clearance rate (see Townsend & 
Hildrew, 1979; Hildrew & Townsend, 1982). However, because these corrections 
may not have been applicable to the other predators, rates were not estimated in this 
study. 
Estimating ingestion from gut contents can also be unreliable if larvae 
regurgitate when placed in preservatives. This does not appear to 
be true for the 
large predators, P. conspersa (Lancaster & Robertson, 1995) and C. boltonii 
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(personal observation; n> 80 nymphs), but cannot be ruled out for S. juliginosa 
(Hildrew & Townsend, 1982). The diet could not be characterised for all predator 
species; the larvae of Platambus maculatus (L. ) (Dytiscidae) and the 
Ceratopogonidae (Bezzia sp. ) are suctorial predators, so the guts do not contain 
identifiable sclerotised material. Although P. maculatus was rare within Broadstone, 
and probably had little effect upon prey populations, the Ceratopogonidae were often 
abundant, and suctorial feeding may also be used to some extent by the tanypod 
larvae (Hildrew et al., 1985). 
Construction of the food webs 
A summary connectance web that included all feeding links and species 
recorded over the six sampling occasions was drawn, in addition to the connectance 
webs that were constructed for each sampling occasion. Double-headed arrows 
depict mutual predation, circular arrows cannibalism. Yield-effort curves (sensu 
Cohen et al., 1993) were constructed for taxa and links on each sampling occasion. 
Connectance webs are presented diagrammatically and in matrix form (sensu Cohen 
et al., 1993). 
Several food web statistics were calculated for the connectance webs. 
Maximum food chain length was the maximum number of trophic elements that 
could be included in a food chain from a basal resource to a top predator; where 
feeding loops existed each cycle was counted once. The ratio of predator to prey 
species was calculated after Jeffries & Lawton (1985), where 'prey' species do not 
consume metazoans and 'predators' do. Directed connectance was calculated as C= 
L/, So- (Martinez, 1991), where L is the number of realised trophic links observed and S 
is the number of trophic elements in the web. This measure was used because it is 
less susceptible to variations in web size than other estimates of connectance 
(Martinez, et al., 1999). SC,,,,, was calculated by including competitive links, where 
a food resource was shared. The number of links per species, d, was calculated as 
LIS. Omnivory was measured as the percentage of taxa that fed at more than one 
trophic level within the web. Restrictive analysis, whereby the basal resources were 
excluded, was used to calculate all web statistics except chain length. Suctorial 
predators were also omitted from the calculation of web statistics, because their 
feeding links could not be described. 
Quantitative food webs were drawn separately for both biomass and 
abundance on each sampling occasion. The strength of links was expressed as the 
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percentage of the standing crop of the entire web contained within each link, for both 
abundance and biomass. This allows comparison of the relative importance of links 
among different consumers, rather than considering each predator in isolation (e. g. 
Tavares-Cromar & Williams, 1996). Pisidium sp. were omitted from the biomass 
webs because of their high specific gravity, due to their calcareous valves, which 
obscured all other differences within the webs. Because Pisidium sp. were immune 
to predation, omitting them from the biomass webs did not affect the distribution of 
predatory links. Due to its overwhelming abundance, detrital density was not shown 
quantitatively within the food webs, but was presented separately. The abundance of 
terrestrial invertebrates was the only basal resource included in the quantified webs. 
Links to basal resources were not quantified. 
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Results 
Most members of the summary web were recorded on every sampling 
occasion, although the number of links varied seasonally, being greatest in the 
summer and declining progressively until the following spring (Figs. 8.1 & 8.2). 
Yield effort curves suggested that sampling effort was sufficient to estimate the total 
number of taxa, but was insufficient to include every link within sampling occasions 
(Fig. 8.3). For some taxa, the asymptote for the cumulative number of links was not 
reached within some sampling occasions, even when >I 00 guts were examined. The 
links from the rarest predators (Pedicia sp., Dicranota sp. and Siphonoperla 
torrentium) were most severely underestimated, whereas those of the more common 
taxa appeared closer to their respective asymptotes. The number of links per 
predator and the rate of approach towards an asymptote increased with predator size 
and trophic status for the six most common species. This appeared to hold true for 
the rarer predators, with the initial rate of increase being steeper than for the smaller 
taxa, such as Z barbatipes. 
Web complexity was highest in the summer and autumn, when predators and 
prey were most abundant and the size-range within species was greatest (Table 8.2). 
Food chains included up to seven links (excluding loops), and were longest in the 
summer and autumn, and shortest in the winter and spring. Between 25-35% of taxa 
were omnivores, with all the predators feeding at more than one trophic level. 
Omnivorous links were common within predator species; the top predator, 
Cordulegaster boltonii fed at eight trophic levels, including a cannibalistic loop. The 
presence of diatoms in the guts of the tanypods, particularly Macropelopia 
goetghebueri (2.0 cells per gut in August), suggested that a portion of the diet was 
derived from algal biofilms. The increased occurrence of diatoms in the guts during 
the summer presumably reflected shifts in availability. Amorphous FPOM was 
found frequently in the guts of the tanypods, particularly during the winter and 
among the smaller instars. Because FPOM was abundant throughout the year, the 
increased consumption in the winter (25% and 42% of T longimana guts contained 
FPOM in August and February, respectively; y, 2 'p <0.001) suggested that the 
tanypods underwent an active shift towards a more predatory, and less detritivorous, 
diet in the summer. The predatory Tipulidae were extreme omnivores, with Pedicia 
sp. feeding upon both CPOM and the large predator, Sialis fuliginosa. Intraguild 
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Figure 8.1. Summary food web for Broadstone Stream (May 1996 - April 1997) 
Key: 
1. Cordulegaster boltonii 
2. Sialisfuliginosa 
3. Plectrocnemia conspersa 
4. Pedicia sp. 
5. Siphonoperla torrentium 
6. Dicranota sP. 
7. Platambus maculatus 
8. Macropelopia goetghebueri 
9. Zavrelimyia barbatipes 
10. Trissopelopia longimana 
11. Bezzia sp. 
12. Potamophylax cingulatus 
13. Adicella reducta 
14. Tipulidae (non-predatory) 
15. Nemouridae 
16. Leuctra nigra 
17. Leuctra hippopus 
18. Corynoneura oblata 
19. Prodiamesa olivaceae 
20. Heterotrissocladius marcidus 
2 1. Micropsectra bidentata 
22. Brillia modesta 
23. Polypedilum albicorne grp. 
24. Paraleptophlebia submarginata 
25. Oligochaeta 
26. Pisidium sp. 
27. Simulium sp. 
28. Helodidae sp. 
29. Niphargus aquilex 
30. Asellus meridianus 
31. Cyclopoidea 
32. Terrestrial invertebrates 
33. CPOM 
34. FPOM 
3 5. Iron bacteria 
36. Algae 
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Figure 8.2. Broadstone connectance food webs (May 1996 - April 1997). 
Derf-mher 1996 
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AuRust 1996 - Mav 1996 
October 1996 
Februarv 1997 
Figure 8.3 Yield-effort curves for feeding links of predators to prey (a-i) and 
presence of taxa 0) recorded within Broadstone Stream (May 1996 - April 1997). Sample-unit for feeding links =I gut; for taxa =I Surber sample (0.0625m2). The 
total number of links or taxa recorded in the summary web is indicated on the y-axis. 
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Table 8.2. Food web matrices for Broadstone Stream (May 1996 - April 1997). 
Columns represent predators, rows represent prey. 
'1/0' represents presence/absence of a feeding I ink. 
Summary 12345689 10 Sum 
I1000000001 
21111001005 
31110001015 
41100000002 
5110o100003 
61110000003 
81110001015 
9111011111a 
10 1111101118 
12 1110001004 
13 0000000000 
14 1010001014 
15 1110101117 
16 1111111119 
17 111o000003 
18 1000100013 
19 1111011118 
20 1110011117 
21 1110011117 
22 1111001117 
23 1110111118 
24 1000000001 
25 1110 () 01015 
26 0000000000 
27 1110001116 
28 1100000002 
29 1o0o000012 
30 1000000001 
31 1110111118 
Sum 27 21 19 587 17 11 17 132 
d 4.55 Scmax 4.90 
C 0.16 Max chain Icngth 7 
P: p 0.45 % omnivores 31 
may 12345689 10 Sum 
100 () () 000000 
20110000002 
31110000003 
41000000001 
51000000001 
60000000000 
81000000001 
91110011117 
10 1100101015 
12 1010000002 
14 1000001002 
15 111 () 000115 
16 1110001116 
17 1000000001 
19 00100 () 0001 
20 1010001115 
21 0100001114 
22 1000001114 
23 1110111118 
24 0000000000 
25 0000000000 
26 0000000000 
27 0010000001 
28 0000000000 
00 () 00000 () 0 
000000000 0 
31 0010001114 
Sum 14 8 11 022989 63 
d 2.52 Scmax 2.96 
C 0.10 Max chain length 6 
PT 0.56 % omnivores 29.6 
October 1235689 10 Sum 
I100000001 
2110001003 
3111000003 
5100000001 
6001000001 
8111001015 
9110001014 
10 111101117 
12 111000003 
14 000000000 
15 111001015 
16 111001116 
17 111000003 
18 00000000 
19 11001003 
20 111001116 
21 111001015 
22 111000014 
23 100001013 
24 100000001 
25 101000002 
26 000000000 
27 000000000 
31 111001116 
Sum 19 14 13 10 11 4 10 72 
d 3.00 Scmax 3.25 
C 0.13 Max chain length 7 
P: p 0.50 % omnivores 25 
February 12345689 10 Sum 
I1000000001 
2110 () 000002 
3111000 () 003 
4100000000 
50000000000 
61000000001 
80000001001 
q1010111117 
10 1000001013 
12 11100o0003 
13 00000000 
14 10000 () 001 
15 1110101016 
16 1111101107 
17000000000 0 
18 0000100001 
19 1101011005 
20 1110011005 
21 1100010014 
22 10 () () 000001 
23 011 () 011116 
24 0000000000 
25 000 () 000000 
26 0000000000 
27 10000o1002 
28 0000000000 
31 1010ooo013 
Sum 17 98245936 63 
d 2.33 Scmar 3.19 
C 0.09 Max chain length 5 
P: p 0.50 % ornnivores 29.6 
August 12345689 10 SUM 
I1000000001 
21111000004 
31100000013 
40000000000 
51000000001 
60100000001 
81110000003 
91110001015 
10 1111001016 
12 1010000002 
14 0000000011 
15 1110001116 
16 1110011117 
17 0000000000 
18 1000000012 
19 1100001014 
20 1110011117 
21 1110011117 
22 1101001116 
23 1100001115 
25 1100001014 
26 0000000000 
27 1110001015 
28 0000000000 
29 0000000011 
31 1110001116 
Sum 19 16 11 303 12 7 16 87 
d 3.35 Scmax 3.69 
C 0.13 Max chain length 7 
p: p 0.53 % omnivores 34.6 
December 12345689 10 Sum 
I1000000001 
21100000002 
31110000003 
41100000002 
51100000002 
61000000001 
80100001013 
91100001014 
10 1000101115 
12 0110000002 
13 0000000000 
14 1010001014 
15 1111100016 
16 1110110016 
17 1000000001 
18 0000000011 
19 0100001114 
20 0110001115 
21 0010000113 
22 1100001003 
23 1000100013 
24 0000000000 
23 0000000011 
26 0000000000 
27 1010000114 
28 1100000002 
29 0000000000 
30 0000000000 
31 1110101117 
Sum 17 14 915186 14 75 
d 2.59 SCnIax 3.10 
C 0.09 Max chain length 6 
p: P 0.45 % omnivores 27.6 
April 12345689 10 Sum 
I1000000001 
21000000001 
31010000002 
41000000001 
51000000001 
61000000001 
81000000012 
91100000013 
10 1010101015 
12 1010000002 
14 0000000000 
15 1110100004 
16 1111000004 
17 0000000000 
19 0100000001 
20 1110010116 
21 0000001012 
22 1000000001 
23 1111100117 
25 0000000ooo 
26 0000000000 
27 0000000000 
28 0000000oo0 
29 00000oo000 
30 000000ooo0 
31 1110001o15 
Sum 16 78231327 49 
d 1.88 Scmax 2.58 
C 0.07 Max chain length 5 
p: P 0.53 % omnivores 30.8 
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predation, mutual predation and cannibalism occurred among the dominant 
predators; these loops were most common in the autumn. The ratio of predators to 
prey varied between 0.45 and 0.56 in the temporal webs and was equal to, or higher 
than, the ratio in the summary web. 
The rank abundance and biomass curves were strongly skewed, with a few 
taxa dominating the webs (Figs. 8.4 - 8.7), unlike the even community structure 
suggested by the connectance webs. Less than 50% of the community accounted for 
over 95% of the total abundance or biomass (Fig. 8.6). However, the position of taxa 
on the rank abundance curve was often reversed in the biomass curve: the large 
predators, although relatively rare, accounted for a large proportion of the biomass 
throughout the year. The rank abundance curves were most elevated in the winter 
and spring (December - April), being more evenly-distributed in the summer and 
autumn. The biomass curves, however, were more constant over time. The 
distribution of linkage strengths was also skewed, with most links being weak and a 
few strong (Fig. 8.7). The number of weak links varied seasonally; the approach to 
the asymptote was shallowest and longest in the summer and autumn, and became 
progressively shorter over the winter, as the weaker links were lost (Fig. 8-7). 
However, the rank position of individual links within the curves was variable for 
some interactions; for example, the link between Macropelopia goetghebueri and 
Heterotrissocladius marcidus was the strongest within the web in August, but was 
not detected in April. The links within the biomass webs were considerably more 
skewed than those for the abundance webs, and also accounted for a smaller 
proportion of the standing crop. Although most prey that were eaten were small, the 
large prey accounted for most of the total biomass consumed. The structure of the 
biomass webs was markedly different from the abundance webs; the larger predators 
and prey dominated the biomass webs, whereas the smaller predators and prey were 
more important in the numerical webs (Fig. 8.5). 
The abundance of most taxa was strongly seasonal, reflecting a peak in the 
recruitment of small larvae after summer oviposition, followed by a progressive 
decline until the following spring (Fig. 8.8). Seasonal shifts in biomass were 
generally weaker, as production mitigated the post-oviposition 
decline in abundance 
(Fig. 8.7). This compensatory effect was particularly marked in the detritivorous 
stoneflies, Nemurella pictefli and Leuctra nigra, which 
increased in biomass 
following the summer, even though abundance declined markedly. Abundance and 
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Figure 8.4. Broadstone abundance food webs (May 1996 - April 1997). 
The area of each circle is proportional to numerical abundance 0.0625m-2 
within sampling occasions (see Fig. 8.7 for absolute values). Links to 
basal resources were not quantified. 
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Figure 8.5. Broadstone biomass food webs (May 1996 - April 1997). 
The area of each circle is proportional to dry weight 0-0625m-2 within sampling 
occasions (see Fig. 8.7 for absolute values). Basal resources and Pisidium sp. are 
denoted nominally by'+'. Links to basal resources were not quantified. 
December 1996 
A. 
Key to link strengths <0.001% 0.01-0.09% 
(expressed as % of benthic density) - 0.001-0.009% 1-2% 227 
Auaust 1996 MRV I QQCI 
October 1996 
Februarv 1997 
Figure 8.6. Structure of the Broadstone Stream community: ABC curves 
(1996-1997). Pisidium sp, were excluded, due to high specific gravity. 
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Figure 8.7. Structure of the Broadstone Stream food web: ABC curves for link strength (1996-1997). 
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Figure 8.8. Changes in the abundance and biomass of the major taxa within 
the Broadstone Stream food web between May 1996 and April 1997 (bars 
I SE). 
C. boltonii fuliginosa P. conspersa 4-1 r-50 6-1 r-10 10-1 1 r- 12 
2 25 3- -5 
o 
3---l Dicranota sp. F- I 2.4-1 S- torrent'Um r-8 
1.2 
0 
50 
1.5 
ýs4 Iý ---*- ,1001T!.. - 10 
Z barbatipes T longimana 
r-2 I 00--i I r- 5 
25- 1 50 
5 
? -Il vvv 
cq 
Ej -4 -, 
P. cingulatus r--20 20-, 
N. pictetii r- 12 1 00--j L. nigra kn 
Cý4 
ý10 loý 
0 000 
,a 30ý P- olivaceae FIO 2001 
H marcidus F8 
I 
5 
2 
0.5 
5 6 
0110 
30 Macropelopini 5 
15- 2.5 
0-- 
\i. 
0 
20 Bezzia sp. -6 11 
2.5 10- 
50- -7 
150---1 M bidentata r-8 
47 
0 
20 
10 20 
"I Cý4 
'5 
kn 
rq 
IZ 
Ei 
En 
rA 
Cd 
0 
I. u 
P's'd'um SPP- -3000 
-1500 
_0 
Sum 
r-200 
1 25 
ll:: ý- --- I oI-ý. t : wl, 00u 
20--1 Simulium SPP-F-30 50-1 Cyclopoidea F-0.2 60 
10 
0ii 
M AODFA 
10 
't 10 
P. albicorne r-2 
15 2 
0 
0.1 300- -100 
-4 
0,!,! 
,111,0 01111111 M AODFA M AODFA 
Abundance -- ------ Biomass 230 
biomass of most taxa were similar in May 1996 compared with April 1997, as the 
assemblage passed through its annual cycle (Fig 8.8). The composition of the 
predator assemblage shifted seasonally; the tanypods dominated numerically 
between May and October, but declined subsequently. The larger species accounted 
for most of the predator biomass throughout the year, whereas the tanypods 
contributed relatively little, even when numerically abundant. There were also 
strong seasonal shifts within the prey assemblage; chironomids dominated in the 
summer, whereas stoneflies were dominant in the winter. Link strength was 
correlated with prey abundance, being highest in the summer and autumn, and lowest 
in the winter and early spring (Fig. 8.9). 
The strength of links varied among taxa and sampling occasions, with most 
links being weak (i. e. accounting for less than 0.01% of the standing crop) 
throughout the year, although some were occasionally strong (Figs. 8.4 & 8.5). The 
temporal variation in the connectance webs was reflected in the quantified webs; the 
strength of links declined progressively between the peak in August until April, as 
the webs became less complex. The strength of links to different prey species was 
also skewed within predator species, and did not necessarily reflect benthic densities 
of prey; i. e. the predators were often feeding selectively (Figs. 8.4 & 8.5). The 
strength of feeding links also varied with the size of predators and prey: the large 
predators preyed mostly upon stoneflies, whereas the smaller predators preyed 
mostly upon chironomids. The tanypods exerted a similar total predation pressure to 
the larger predators in the summer within the abundance webs, although they 
accounted for far less of the total biomass of ingested prey (Fig. 8.9). Although the 
amount of prey ingested decreased between the summer and winter for all of the 
predators, the decline was most marked for the tanypods Macropelopia goetghebueri 
and Zavrelimyia barbatipes (Fig. 8.9). The tanypods included many very small prey 
in their diet, which accounted for negligible amounts of the diet of the larger 
predators. Although these small prey were excluded from the food webs, they 
accounted for a large proportion of the diet of the tanypods, particularly during and 
immediately after the summer oviposition period (Fig. 8-9). 
Among the basal resources, detritus was abundant throughout the year; with 
the exception of a peak in February, there was little difference among months (Fig. 
8.10). Leaves and woody debris contributed equally to the resource base, whereas 
fruiting bodies (mostly beechmast) were less important, especially in the summer and 
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Figure 8.9 Total standing crop of prey present in the guts of the six 
major predator populations within Broadstone Stream over six sampling 
occasions; upper panels represent numbers of prey, lower panels 
represent biomass of prey. 
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Figure 8.10. Mean dry weight of detritus in Broadstone Stream over eight 
sampling occasions between April 1996 and April 1997. Bars = ISE. 
Solid circles represent sampling occasions used to construct food webs; open 
squares represent additional samples. 
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autumn. Terrestrial invertebrates were most abundant in the autumn, presumably 
reflecting inputs derived from leaffall. Iron bacteria were present throughout the 
year, but only formed dense flocs in the summer. Algae were not visible in the 
stream to the naked eye, but the presence of diatoms in the guts of the tanypods 
suggested that a limited algal biofilm persisted throughout the year. 
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Discussion 
The strong seasonality of the Broadstone webs emphasised the importance of 
temporal resolution when analysing web structure. The results presented here 
support the findings of the few other studies of temporal variations in web structure, 
which generally show striking seasonality within systems (e. g. Warren, 1989; Closs 
& Lake, 1994; Tavares-Cromar & Williams, 1996). That web complexity was 
greatest in the summer, when the availability of specimens for gut contents analysis 
was highest, suggested that many of the seasonal patterns in web structure reported 
here could have been artefacts of sampling effort. It could be reasonably assumed 
that many of the links within the summary web, particularly those for the larger 
predators, would have been detected on each sampling occasion, if gut contents 
analysis were sufficiently exhaustive. Even the summary web probably 
underestimated the true level of web complexity, because of the small sample sizes 
of the guts of the rarer predators, such as Pedicia sp. However, the number of guts 
examined for most species on each sampling occasion was considerable, and in 
excess of many other studies (e. g. Tavares-Cromar & Williams, 1996). The 
projected number of samples required to describe every feeding link within the web 
on a single sampling occasion would impose excessive disturbance upon the system. 
Also, increasing sampling effort would simply increase the number of trivial links 
and species included within the web; the seasonal variations in the connectance of 
the Broadstone webs showed how the number of connections among species varied 
over time, for a given unit of space within the stream. As such, comparisons among 
sampling occasions provided insight into real patterns, but comparisons with other 
less exhaustively sampled systems should be treated with caution. This study 
suggests that the scarcity of published yield-effort curves for the detection of feeding 
links may undermine the validity of comparative analysis of connectance webs that 
have been constructed with variable, and often unknown, methods (e. g. Cohen, 1978; 
Pimm, 1982; Briand, 1983). Within Broadstone, species were detected far more 
easily than links. This suggests that the potential for sampling effort to confound 
comparisons among webs will increase with web size, because speciose systems tend 
to contain a greater proportion of rare species (Tokeshi, 1999); consequently, a 
greater number of taxa are less likely to be included as links than species. Sampling 
effort also affects structure within webs; because top predators are rare they will be 
sampled least effectively (Hall & Raffaelli, 1993), although they may have the 
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broadest diet within a web (Chapter 7). It is not inconceivable that the widely 
reported negative relationship between connectance and species richness, and other 
'diversity-dependent' patterns, may be artefacts of methodology. This suggestion is 
supported by recent reviews of highly detailed webs that indicate that connectance 
may remain constant, or even increase with species-richness (Hildrew, 1992; Hall & 
Raffaelli, 1993). 
When the connectance webs were quantified it was apparent that the effort 
required to catalogue species and links was largely unnecessary: the number of guts 
and benthic samples could be reduced considerably without compromising the 
dominant characteristics of each web. The distribution of both species and links 
within the quantified webs was strongly skewed, contrary to the even distribution 
that may be inferred from the connectance webs. A small proportion of the 
assemblage dominated the webs, both numerically and by biomass. In addition, 
although linkage density was often high, most links contained <0.01% of the 
standing crop of the entire web. The structure of these quantified webs suggested 
that most species and links were relatively trivial. However, the use of abundance or 
biomass as the currency of community structure resulted in very different webs; the 
taxa that dominated the abundance webs were often insignificant within the biomass 
webs, and vice-versa. The biomass webs represented snapshots of the major 
pathways of energy flow, because production is greatest among large individuals 
(Benke & Wallace, 1997) which dominated these webs, whereas the abundance webs 
highlighted the major population dynamics within the system. Because both energy 
flow and population dynamics are important in structuring communities; the 
construction of either biomass or abundance webs without the other would have 
obscured one or other of these processes. 
In systems where prey availability is low, such as acid streams, generalist 
feeding is probably advantageous (Hildrew et al., 1985). This will inevitably result 
in complex, highly interconnected food webs, such as we see in Broadstone. The 
predators in Broadstone were extreme trophic generalists, and preyed upon virtually 
every animal taxon within the lower trophic levels. However, although they were 
opportunistic, the predators fed selectively, particularly upon mobile species such as 
N. pictefli (Chapter 4). At the opposite extreme, the Pisidium pea mussels accounted 
for a large proportion of the community, especially by biomass, but were 
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invulnerable to predation. Consequently the 'true' complexity of the webs was 
overemphasised by focusing upon patterns of connectivity. 
Prey availability within Broadstone is initially set by handling constraints 
imposed by the relative size of predator and prey, and is subsequently limited by 
encounter rate. Consequently, prey and predator morphology structured the length of 
food chains and the ultimate height of the web, and encounter rate determined the 
strength of the links. For example, throughout most of the year the stoneflies were 
either larger or of similar size to the tanypods, but smaller than the higher predators. 
Consequently, the tanypods were generally restricted to preying upon small 
chironomids, whereas the stoneflies were frequent prey of the larger predators; most 
of the energy flow, especially in terms of biomass, to these higher trophic levels 
appeared to pass directly through L. nigra and N. pictefli. Although size-dependent 
handling constraints resulted in ontogenetic shifts in the diet of the predators, links 
were generally added to a predator's diet, rather than replaced, as it grew (Chapter 
7); for this reason, predators were not sub-divided into size-classes for the purposes 
of this study. Size-dependent cannibalism and mutual predation were most prevalent 
in summer and autumn. The seasonality of these loops was probably a consequence 
of overlapping life-cycles during recruitment periods, when large numbers of small 
larvae coexisted with large individuals surviving from previous years. Feeding 
loops, although traditionally assumed to be rare by food web theoreticians (e. g. 
Cohen, 1978; Pimm, 1982), may in fact be common in many systems (e. g. Van 
Buskirk, 1992; Wissinger & McGrady, 1993; Wissinger et al. 1996), and can provide 
strong density-dependent control of population size (Van Buskirk, 1989; Anholt, 
1994; Fincke, 1994). 
The temporal shifts in species abundance and the strength of links were 
obscured in the summary web. Such cumulative webs are those most commonly 
encountered in the literature (e. g. Cohen, 1978; Pimm, 1982). Within Broadstone, 
the prey assemblage was dominated in the summer and autumn by a profusion of 
detritivorous chironomids. As these were consumed, principally by the tanypods, the 
web shifted towards a prey assemblage dominated by stoneflies in the winter and 
spring. The complexity of the system varied markedly over time; in the summer the 
web was highly connected and links were strongest, coinciding with the period of the 
maximum width of the size-spectrum for individual species of predators and prey. 
Essentially, this complexity degenerated progressively over time, and most of the 
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links were lost or severely weakened by the following spring. Some links were 
evidently broken or weakened due to increasing handling constraints - some prey 
outgrew the size-range that could be handled, particularly by the smaller predators, 
whose links were most variable over time. However, although the seasonal shifts 
within the Broadstone webs were marked, they were not as extreme as the species 
deletions described by Closs & Lake (1994), possibly due to the physical and 
hydraulic stability of Broadstone (Lancaster & Hildrew, 1993). 
Prey abundance declined markedly over between August and December, but 
the rate of decline slowed dramatically for many taxa between December and April. 
The rapid decline following the summer was presumably due to predation, because 
the primary consumers are not food-limited (Dobson & Hildrew, 1992). The 
levelling-off of prey abundance between December and April may reflect the 
carrying capacity of refugia, which could account for the weakening of the feeding 
links (Townsend & Hildrew, 1979). In addition, although the predators fed 
throughout the year, the per capita rate of consumption of prey was strongly 
seasonal: the digestion rate of P. conspersa has a Q10 of 2.3 (Townsend & Hildrew, 
1977). If the same is true of the other predators then a given prey item present in the 
guts will be processed far more rapidly in the summer and autumn, when stream 
temperature was 10- 1 30C, than in the winter and spring, when the temperature was 4- 
70C. Although mean recognition time of prey in the guts increases linearly with prey 
size, it declines linearly with increasing predator size (Hildrew & Townsend, 1982). 
Prey biomass within the guts of C boltonii was low, compared with the potential that 
could be consumed, but was positively correlated with predator biomass (Chapter 4). 
Water temperature was probably, therefore, the major determinant of gut clearance 
rate for the predators in Broadstone. Thus both standing crop in the gut and gut 
clearance rate were greatest in the summer and autumn, and lowest in the winter and 
spring. Consequently, linkage strengths were strongly skewed in time, as well as 
among taxa. Encounter rate will also be lower in the winter because both prey 
abundance and mobility are reduced (Hildrew & Townsend, 1976; Winterbottom, et 
al., 1997). Low temperatures may be particularly deleterious for the sit-and-wait 
predators, whose encounter rate is dependent upon prey mobility (Chapter 4), but 
reduced prey mobility may enable more efficient capture by the searching predator S. 
fuliginosa. However, the sit-and-wait predators may exert pulses of strong predation 
in the winter during spates, which concentrate predators and prey in flow refugia 
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(Lancaster, 1997); the strength of links may therefore be highly variable over short 
temporal scales. 
That a few links within the Broadstone webs were strong, but most were 
weak supported findings from other food webs (Paine, 1992; Raffaelli & Hall, 1992, 
1996; Miffler, 1999). Recent models have shown complexity can enhance food web 
stability, if most of the links are weak (Polis, 1998; McCann et al., 1998). These 
models contradict the idea that complexity is unstable that has underpinned food web 
theory for nearly three decades (see May, 1972,1973; Cohen, 1978; Pimm, 1982). 
The abundance of the weak links within Broadstone suggests that, although some 
links can be very strong and result in top-down control of prey (Lancaster, 1996; 
Chapters 5& 4), overall, the web may be driven by interactions that are closer to 
donor-control than to Lotka-Volterra dynamics, particularly outside the summer. In 
addition, the links between the primary consumers and the dominant basal input, 
detritus, is donor-controlled, and detritus is superabundant within Broadstone 
(Dobson & Hildrew, 1992). The Broadstone web appears to be stable, with the 
'core' assemblage of the dominant taxa persisting since the early 1970s; the only 
notable change is a long-term trend towards a more evenly- structured community, 
which appears to be in response to ameliorating acidity (Chapter 3). As well as 
being persistent, the community is highly resilient and recovers rapidly following 
disturbance (Gjerlov, 1997). 
The food web has become more complex since the 1970s, following the 
invasion of C boltonii at the top of the web (Chapter 7), and temporal fluctuations in 
prey abundance have lessened (Chapter 3), suggesting an increase in both the 
complexity and stability of the community. Although predation pressure within 
Broadstone can be intense in the summer and during spates (Hildrew & Townsend, 
1982; Lancaster, 1996; Chapters 4& 6), it does not appear to destabilise prey 
populations, which are broadly similar across several generations (Spiers et al. in 
press). This may be due to stabilising influences, such as the availability of refugia 
in the structurally complex benthos, and prey switching (Townsend & Hildrew, 
1979), which weaken predation at low prey densities. Such mechanisms may 
provide the key to understanding the structure and dynamics of the food web. A 
recent multi-species model suggests that prey populations will be stable at an 
intergenerational scale, even if a dominant large predator (Sialis fuliginosa) is 
removed from the stream (Spiers et al., in press). This demographic stability is 
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achieved primarily due to compensatory responses to predation, via alternative 
feeding paths and competitive interactions. 
Limitations andfuture directions. 
Several recent publications have suggested that the considerable effort 
required to increase the sample of well-described connectance webs may be better 
directed toward the study of processes (e. g. energy flow) rather than patterns of 
connectivity (Hall & Raffaelli, 1993; Benke & Wallace, 1997). The quantified and 
semi-quantified webs that have been published in recent years have revealed the 
limitations of the early catalogue of qualitative webs (e. g. Raffaelli & Hall, 1996; 
Winemiller, 1996; Miffier et al., 1999). However, the construction of quantitative 
webs is extremely time-consuming, and estimating the strength of links is not always 
straightforward, especially if interaction strengths need to be characterised. The 
reliance on gut contents analysis, although it allows estimates of Predation pressure 
upon individual prey species to be made, does not necessarily reflect patterns in 
energy flow. Stable isotope analysis offers a potentially powerful tool with which to 
characterise energy flow because it measures assimilation rather than ingestion, 
although it lacks the taxonomic precision of gut contents analysis. Combining the 
two techniques should provide greater insight into food web processes. Isotopic 
analysis could elucidate the trophic significance of algae, iron bacteria, and detritus 
within Broadstone web; their quantitative contributions to the web are as yet 
unknown. The suggestion that Broadstone may be responding to a reversal in 
acidification (Chapter 3), possibly due to an improvement in the quality of these 
basal resources, could lead to profound changes in web structure (Hildrew, 1992). 
Meiofauna (50-500ýtm) are rarely included within food webs (but see Sprules 
& Bowerman, 1988; Lancaster & Robertson, 1995), and yet may provide an 
important energy source for predatory invertebrates, particularly for small species or 
early instars (Hildrew, 1992). Methodological difficulties have hindered research 
into the role of meiofauna in freshwaters (Schmid & Schmid-Araya, 1997). Because 
abundance and links could not be quantified satisfactorily for the Broadstone 
meiofauna as part of this study they were omitted from the food webs, with the 
exception of the cyclopoid copepods. However, the trophic interactions among the 
meiofauna and macrofauna within Broadstone, and a range of other streams, are 
currently being resolved (Schmid-Araya et al., unpublished). Ultimately, these taxa 
will be incorporated into the food web, to provide a more 
holistic view of the system. 
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Chapter 9 
General Discussion 
The invasion of Cordulegaster boltonii was part of a general trend within the 
community, that reflected a long-term amelioration of acidity. Independent studies have 
identified C. boltonii as an indicator species of moderate acidity (Rundle et al., 1995), 
with a pH optimum of 5.4 and a lower tolerance limit of pH 4.6 (Hdmdldinen & 
Huttunen, 1996). Since the early 1970s there has been a progressive shift in the benthic 
community, from one composed almost exclusively of species typical of profoundly acid 
conditions towards a relatively more acid-sensitive community. Over this time series, 
the length of food chains and the proportion of predators within the benthos increased. 
This suggested that the efficiency of energy transfer has increased over time, possibly 
allowing the development and persistence of progressively higher trophic levels. 
Because basal food resources were not limiting in quantity (Dobson & Hildrew, 1992), 
but may be limiting in terms of food quality, these changes in trophic structure may be a 
consequence of the enhanced microbial conditioning of detritus, mediated by pH 
(Groom & Hildrew, 1989). Food chain length also increased, at the reach scale, over the 
entire length of the stream, again along a gradient of increasing pH. The acidification of 
freshwaters is one of the major environmental problems of the twentieth century, and the 
attendant loss of diversity and fish stocks has had important ecological and economic 
impacts across large areas Northern Europe and North America (Mason, 1991; Hildrew 
& Ormerod, 1995). However, although community responses to falling pH are well 
documented, few studies have demonstrated responses to a reversal of acidification (but 
see Rundle et al., 1995). 
The shifts in the structure of the Broadstone Stream community at large temporal 
scales appeared to reflect a link between changes in acidity and climate. Mean pH was 
significantly higher in the summer during the 1990s when compared with the 1980s, but 
winter pH was not significantly different in the two decades. The unusually long, hot 
summers of the mid-1990s may have had strong effects upon both the adult and larval 
stages of the life-cycle, by affecting conditions in the terrestrial and aquatic habitats of 
the catchment. Enhanced survival of individual adults, combined with an extension of 
the oviposition period for the entire population, may have increased the recruitment of 
larvae. Also, protracted periods of high pH during the summer may have allowed the 
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eggs and early instars of less acid-tolerant species to pass through these sensitive life 
stages before rainfall increased and pH fell in the autumn. This suggested that the 
seasonal distribution of acid pulses might be more important than the total annual input 
to the system. 
Cordulegaster boltonii preyed upon virtually every animal species within 
Broadstone and at every trophic level. However, although a wide range of prey was 
taken, prey vulnerability varied considerably among species, and did not simply reflect 
differences in the relative abundance of prey. Size-selection of prey reflected handling 
constraints imposed by the relative sizes of predator and prey. The maximum size of 
prey was constrained by the size of the predator's mouthparts, whereas small prey were 
retained in the diet of even the largest nymphs. Because progressively larger prey were 
added to the diet, the feeding niche broadened during ontogeny. Such ontogenetic 
changes appear to be common among freshwater invertebrates (Allan, 1995; Corbet, 
1999). However, the relative contribution of small prey to the diet declined during 
nymphal development, as larger prey were increasingly favoured; in its later instars C. 
boltonii preyed extensively upon the previous top predators. Overlain upon these size- 
related constraints was strong selectivity for mobile and epibenthic prey, due to 
increased encounters in time and space, respectively. Within the subset of prey that 
could be handled, encounter rate appeared to be the dominant constraint upon the rate of 
prey consumption in the field, whereas the effects of handling time and gut clearance 
rate were negligible. Consequently, even large irruptions of prey may be damped 
rapidly by increased predator consumption. An interaction between the availability of 
refugia (Hildrew & Townsend, 1977) and the high potential rate of predation might 
result in density-dependent control of prey populations between recruitment episodes. 
Cordulegaster boltonii depressed the abundance of certain taxa in small-scale 
field experiments. However, predator impact varied seasonally, being strong in the 
summer but largely undetectable in the winter. These seasonal shifts covaried with prey 
abundance, and may have reflected a relative shortage of refugia availability in the 
summer, when prey were most abundant. The presence of refugia may have a strong 
stabilising effect upon predator-prey interactions. The most strongly depleted prey 
species in the field experiments, notably Plectrocnemia conspersa and Nemurella 
pictefli, were mobile epibenthic species, reflecting patterns in feeding electivity of C. 
boltonii derived from survey data. However, possible negative effects upon other taxa 
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may have been masked by more complex indirect interactions within the highly 
interconnected food web. The interaction with P. conspersa was relatively direct - it 
was at most two trophic levels below C. boltonii and the intermediate predator, Sialis 
fuliginosa, had a weaker interaction with P. conspersa. Because the link to N. pictefli 
was very strong there was also limited scope for indirect compensatory food-web effects 
to mask the impact of the invader. The results of these experiments differed from many 
previous, but otherwise similar, studies; notably mobile prey were most strongly 
depleted, rather than sedentary species, and prey showed no emigratory responses to the 
invader (cf Cooper et al., 1990). These differences were probably related to the 
foraging mode of the predator; C. boltonii are highly cryptic and immobile sit-and-wait 
predators with a rapidly-accelerating attack response, unlike the active stonefly predators 
typically used in other enclosure-exclo sure experiments (cf. reviews in Sih & Wooster, 
1994; Wooster & Sih, 1995). Consequently, it appeared that prey did not recognise the 
presence of the predator, and were too slow-moving to avoid capture. 
The invader and the five dominant resident predators exhibited extensive niche 
overlap in diet, habitat use and phenology. The diet of all six predators was determined 
principally by body-size; similar-sized predators had similar diets, largely irrespective of 
taxonomy. Consequently, ontogenetic differences within species were often greater than 
differences among species. However, there was a degree of diet separation between the 
sit-and-wait and actively searching predators, particularly among the largest size classes; 
sit-and-wait predators favoured mobile prey, searching predators favoured sedentary 
prey. These patterns appeared to reflect 'passive' selection driven by encounter rate and 
capture efficiency, rather than active predator 'choice'. This type of prey selection 
appears to be true for many invertebrate predators (Sih, 1993; Peckarsky & Penton, 
1989). In addition, even when the taxonomic overlap in the diet was almost complete, 
handling constraints resulted in a degree of resource-partitioning, with the smaller 
predator species taking smaller prey than the larger species. 
Total dietary overlap within the predator assemblage tracked the seasonal 
availability of prey, being greatest in the summer when prey were most abundant. Niche 
overlap declined as prey became rarer, suggesting that competition might structure 
seasonal changes in food web processes. This reflected other studies that have detected 
seasonal patterns of dietary divergence and narrowing of niches in response to 
fluctuating resource availability (Schoener, 1982; Grant, 1986). In addition to lateral 
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interactions among the six predators, there were extensive vertical interactions in the 
form of intraguild predation (Polis et al., 1989). The seasonal switch in the diet of the 
small tanypods from animal prey in the summer to a poorer quality detritivorous diet in 
the winter and spring may reflect 'optimal foraging' in the presence of larger predators. 
This change in feeding may represent a cost-benefit trade-off, between the diminishing 
returns of foraging for progressively scarcer prey and the increasing probability of being 
eaten whilst foraging (Sih, 1993). The changes in the diets of the tanypods reduced 
niche overlap with the larger predators; it is possible that an avoidance of predation, 
rather than an avoidance of competition per se, may drive resource-partitioning among 
these predators. 
Omnivorous and looping interactions were common within the predator guild; 
feeding loops were both interspecific (mutual predation) and intraspecific (cannibalism). 
These dual interactions, where predators eat potential competitors, can result in very 
different effects than if competition or predation were acting in isolation (Holt & Polis, 
1997). Ontogenetic reversals (sensu Polis et al., 1989) in predator-prey interactions 
were common when large members of small species overlapped with small members of 
large species. Consequently, these switches from prey to predator status were seasonal 
and were most intense following the recruitment period of the larger predator species. 
Predation of P. conspersa and S. fuliginosa by the smaller tanypod species might 
facilitate the coexistence of these predators, by reducing the recruitment of the two 
larger species to the size-classes that prey upon the smaller species (Polis et al., 1989). 
Diet overlap was most extensive between C boltonii and P. conspersa; the 
feeding niche of the resident predator was contained within that of the invader. 
Plectrocnemia conspersa was also heavily exploited as prey by the invader. The prey 
types that previously provided a means of resource-partitioning between P. conspersa 
and S. fuliginosa (Townsend & Hildrew, 1979) were taken frequently by both C boltonii 
and the tanypods. The recent increase in the tanypods may be due to atrophic cascade 
resulting from predation of the mesopredators by the invader (e. g. Courchamp et al., 
1999). The invasion may, therefore, have led to a decline in P. conspersa, resulting 
from a loss of 'enemy-free space' as a refuge from both potential competition and 
predation. Theory predicts that the ratio of predators to prey within a web should 
equilibriate by the loss of one of these ecologically similar species (Jeffries & Lawton, 
1984,1985; Mithen & Lawton, 1986). Large-scale patterns in the abundance of these 
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predators, in both time (decades) and space (reaches), suggested that C boltonii may be 
usurping P. conspersa as the dominant large sit-and-wait predator. However, although 
larval abundance has declined, complete removal of P. conspersa from the system may 
be prevented by the potential for high recruitment from a small number of adults during 
the oviposition period. The importance of adult insects is often overlooked by benthic 
ecologists, but the oviposition period may provide an important means by which a 
system that is effectively closed for most of the year becomes temporarily 'open'. 
Oviposition by adults may, therefore, mitigate the consequences of interactions among 
larvae. Recent models have demonstrated that web stability increases when systems are 
more open (McCann et al. 1998). 
The addition of C. boltonii to the Broadstone food web has increased both the height 
and the complexity of the web. These patterns held for different levels of taxonomic and 
trophic resolution. Omnivory, in particular, rose markedly. Life-history omnivory 
accounted for few of the invader's total omnivorous links because even the largest 
nymphs, which preyed upon the other large predators, still took very small prey near the 
base of the web. Increases in the maximum chain length and feeding loops were 
attributed to size-driven predation, where large predators ate small predators, regardless 
of taxonomy. The trophic position of predators was therefore set by their maximal larval 
size; thus, the structure of the web was determined largely by the morphology of its 
component members. The high complexity of the web was in stark contrast to 
theoretical predictions. In particular, the high linkage density, extreme degree of 
omnivory, and the prevalence of cannibalistic and mutualistic feeding loops, should 
result in a highly unstable system (Cohen, 1978; Pimm, 1982). However, the 
community has been highly persistent for over twenty-five years, despite the general 
shift towards a more acid-sensitive community. Further, the increased complexity 
following the invasion was also accompanied by a stronger damping of fluctuations in 
predator and prey abundance, suggesting an increase in web stability. 
When the food web was quantified, it was evident that the community was 
dominated by a few species; most species were rare and, although connectance was high, 
most links were weak. These patterns, when combined with the results of the 
experimental manipulations of predator density, appear to support a newly-emerging 
paradigm in food web theory that weak links may be the glue 
by which stability can be 
conferred upon complex systems (Polis, 1998; McCann et al., 
1998). Food web research 
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has undergone a recent shift in emphasis away from the study of presence/absence 
patterns (e. g. connectance) towards processes and greater quantification of webs (e. g. 
Goldwasser & Roughgarden, 1993; Raffaelli & Hall, 1996; Winemiller, 1996; Mtiller et 
al. 1999), as the limitations of qualitative webs have been increasingly brought into 
focus (Hall & Raffaelli, 1993; Benke & Wallace, 1997). Most previous attempts at the 
quantification of webs do include either abundance or biomass, but not both. However, 
the structure of the Broadstone food web varied markedly, depending upon whether 
abundance or biomass was used to construct the web. The invader, although 
numerically rare, exerted a similar predation pressure to the other more abundant 
predators. In addition, C boltonii accounted for a relatively large proportion of web 
biomass and its feeding links were stronger than in the abundance webs; i. e. it had a 
stronger effect upon the larger prey species. Seasonal shifts in web structure reflected 
changes in prey availability and handling constraints. Web complexity and total 
predation pressure was greatest in the summer, when prey were most abundant and the 
size-range of predators and prey was greatest. The complexity of the web declined 
progressively from the summer through to the following spring, as the weakest links 
were lost. These seasonal patterns reflected shifts in niche overlap in the diet of the 
predators described previously. 
In conclusion, the structure of the food web (trophic position, presence/absence of 
links) appeared to be set by handling constraints. The strength of feeding links was 
determined largely by encounter rate, at least for the sit-and-wait predators. The 
strength of the searching predators' feeding links appeared to be a function of encounter 
rate combined with capture efficiency. These patterns may provide a template within 
which other unproductive food webs might operate; this could be examined further by 
quantifying webs from other comparable systems. The invader assumed the trophic 
position of top predator by virtue of its large size, and may be replacing a previous top 
predator, P. conspersa, via competitive and predatory interactions. The only notable 
change in the structure of the Broadstone community over the past twenty-five years was 
a directional and apparently deterministic shift towards a more acid-sensitive 
community, of which the invasion of C boltonii appears to be symptomatic. It appears 
that pH provided a template for community composition, which in turn affected food 
web processes. The high persistence of the community may be related to the complexity 
of the food web, which may have been stabilised by an abundance of weak links. This 
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investigation reflected recent food web research (Polis, 1998; McCann et al., 1998) 
which has re-evaluated the long-held tenet in ecology that complexity leads to instability 
(May, 1973; Pimm., 1980,1982). Future research should be directed at increasing the 
catalogue of quantitative webs, and focussing upon experimental manipulations 
designed to examine the importance of indirect 'food-web' interactions, such as predator 
facilitation (sensu Sih, 1993) and apparent competition (sensu Holt & Lawton, 1994), 
relative to 'direct' interactions (e. g. interactions between single predator and prey 
species in isolation). There is increasing evidence that indirect effects may play a 
significant, but often counter-intuitive, role in structuring communities (Sih et al., 1998); 
however, this is a novel field that has developed largely by accident, as a result of 
4unexpected' results of experiments designed to investigate direct interactions. 
Combining the detailed study of quantitative webs with manipulative experiments offers 
a potentially rich field for future research in ecology. 
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Appendix 3. Results of statistical analysis performed in 
Chapter 4. 
-Av, ppendix 3.1 Experiment]. 
a. Survival of N. pictetii at four prey densities and three water temperatures in the 
presence of C boltonii. 
Two-way ANOVA for comparisons among prey densities and temperatures. 
P<0.1 *, P<0.05 **3, P<0.01 ***, P<0.001 ****. 
Df FP 
Prey density 3 0.49 n. s 
Water temperature 2 19.65 
Prey density x water temperature 0.79 n. s 
b. Mobility of N. pictedi at 5'C, I OOC & 150C. 
One-way ANOVA for comparisons among temperatures. Data are 4x transformed. 
P<0.1 *j P<0.05 **e P<0.01 ***> P<0.001 ****. 
Df FP 
Temperature 2 3.60 
Post-hoc comparisons (Tukey-Kramer) 5'C < 15'C 
Appendix 3.2. Experiment 3. 
a. Survival of N. pictetii in the presence of final instar and F-2 Cordulegaster 
boltonii, and 12h light and 12h dark 
GLM for comparisons among predator size and lighting regime. Data are arcsin 
transformed (see Chapter 4 Methods). 
P<0.1 *9 P<0.05 **3, P<0.01 ***, P< 0-001 
Df Fp 
Light v dark 1 29.25 
Predator size 1 8.26 
Light v dark x predator size 
0.80 n. s 
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b. Mobility of N. pictetii in the light/dark. 
Two-tailed Mest for comparisons between light and dark. Data are Logio x 
transformed. 
p<0.1 *, P<0.05 **, P<0.01 ***, p<0.00, ****. 
Mean S. E. N 
Light 0.84 0.09 10 
Dark 0.47 0.13 9 
Df Tp 
14 -2.31 
Appendix 3.3. Experiment 4. 
a. Survival of two prey species (Nemurella pictedi and Leuctra nigra) at four 
densities in the presence of final instar Cordulegaster boltond. 
Two-way ANOVA for comparisons among species and prey densities at I O'C. 
Data are arcsin transformed (see Chapter 4 Methods). 
P<0.1 *, P<0.05 **, p<0.01 ***, p<0.001 ****. 
Df p 
Prey density 3 0.05 n. s 
Prey species 1 160.67 
Prey density x prey species 3 1.13 n. s 
b. Mobility of N. pictefli and L. nigra (on fine gravel). 
Two-tailed Mest for comparisons between species. Data are 4x transformed. 
P<0.1 *ý P<0.05 **q P<0.01 ***3, P<0.001 
Mean S. E. n 
N. pictetii 6.37 0.37 10 
L. nigra 1.951 0.20 10 
Df tp 
13 10.41 
286 
A% 
-Appendix 3.4. Experiment 5. 
The effect of substratum complexity upon survival of Plectrocnemia conspersa and 
Nemurellapictetii in the presence of final instar Cordulegaster boltonii. 
GLM for comparisons of survival at four prey densities in simple and complex 
substrata. 
Data are arcsin transfonned (see Chapter 4 Methods). 
P<0.1 *, P<0.05 **> P<0.01 ***, P<0.001 ****. 
conspersa 
Df Fp 
Prey density 3 2.46 
Substratum complexity 1 11.51 
Prey density x substratum complexity 3 0.14 n. s 
pictetii 
Df FP 
Prey density 3 0.21 n. s 
Substratum complexity 1 10.09 
Prey density x substratum complexity 3 0.26 n. s 
Appendix 3.5. Experiment 7. 
a. GLM of handling time of N. pictefli by C boltonii at three temperatures (5"C, 
IO'C and 15"C). 
P<0.1 *q P<0.05 **, p<0.01 ***, p<0.001 ****. 
Factor Df Fp 
Temperature 2 2.32 n. s 
HCW I 79.26 **** 
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b. Regression equation and goodness of fit statistics for (y) (handling time (s)) and 
head-capsule-width of C. boltonii (mm) (x) for Cordulegaster boltonii fed with a 
single Nemurella pictefli. Data pooled over three temperatures. 
D- 
, -,, egression equation r2 F P 
201 - 20.7(x) 0.59 78.02 
Ap endix 3.6. Regression analysis performed on potential and realised consumption 'vFP 
by C boltonii (see Fig. 4.19). 
Regression equations and goodness of fit statistics for (y) (N. pictetii biomass (dry 
weight ýtg)) and C boltonii biomass (dry weight ýtg) (x) for a) predators fed ad 
libitum for 24h (pooled over three temperatures (see Chapter 4, Experiment 8), and 
b) gut contents of field-collected nymphs containing N. pictetii. 
p<0.1 tp<0.05 **, p<0.01 ***, p<0.001 ****. 
P Regression equations r2 F 
y=0.609 + 0.0691 (x) 0.87 227.50 
0.244 + 0.0071 (x) 0.21 23.35 
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